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PREFACE 



This book is written as both a text and a reference book. It contains numerous 
images from the biological sciences and clinical practice, tables, graphs, and fig- 
ures, as well as exercises that are worked out to aid the reader in understanding 
principles or solving problems. In some cases, derivations are placed in appen- 
dices so as not to break up the flow of the subject matter in the text. 

The book is intended for a broad audience interested in molecular imaging 
with positron emission tomography (PET). It is expected that the readers will 
range from undergraduate, graduate, and medical students to residents, physi- 
cians, and scientists with backgrounds from various physical, biological, and 
medical specialty areas. Each chapter presents material in a straightforward man- 
ner that is well illustrated and explained. Because of the diverse audience for the 
book, certain chapters or sections of chapters will be of more interest than oth- 
ers to certain segments of the readership. 

Chapter 1 introduces the fundamental physics upon which PET imaging sys- 
tems is based and discusses in detail the technologies and methods used to pro- 
duce PET images. The chapter starts out by reviewing the physics of positron 
emission and annihilation and explains how positron range and photon non- 
colinearity in coincidence detection place certain limits on spatial resolution. 

Next, detector technologies suitable for detecting 511 keV annihilation pho- 
tons are introduced and the geometries for typical PET scanner configurations 
discussed. The corrections needed to achieve quantitative images, namely de- 
tector normalization, detector dead-time correction, attenuation correction, and 
correction for scattered and accidental coincidences are explained. The various 
types of algorithms used to reconstruct the data recorded by the PET scanner 
into tomographic images are described. 

Finally, methods for assessing the performance of PET imaging systems are 
presented. The PET systems described range from human PET and PET/CT scan- 
ners to those used for small animal imaging. 

Chapter 2 presents molecular imaging assays as a central theme to using PET 
as a fundamental tool for dissecting molecular events that constitute biological 
processes. The assay developer must integrate information from all the other 
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chapters of the book in order to produce quantitative tracer kinetic models and 
biological assays. A knowledge of tracer kinetics also guides the development of 
new molecular imaging probes. 

The fundamental requirements of quantitative PET data for tracer kinetic 
modeling are initially discussed followed by defining the central principles un- 
derlying tracer kinetic modeling including compartmental models, perfusion, 
volume of distribution, rate constants, rate coefficients, and flux. The “tracer 
thought experiment” is used to help the reader visualize the movement of a tracer 
throughout the body in order to build an understanding of how to develop a 
comprehensive tracer kinetic model and assay. 

Specific examples of various PET tracer kinetic models including the 18 F- 
fluorodeoxyglucose three-compartment model, 13 N-ammonia and ls O-water 
perfusion models, and receptor-ligand models are presented. The fundamental 
nature of the input function, tissue time-activity curve, and differential equa- 
tions governing various models are described. In addition, the approach to struc- 
turing new models for imaging PET reporter gene expression are presented in 
detail to highlight the step-by-step process of building a model. Model valida- 
tion and fitting of PET data to a given model are also detailed. The translation 
of PET assays from animal models to human subjects is examined. 

Numerous work sets and systematic guidelines, reinforced with specific ex- 
amples, provide the reader with an intuitive and fundamental understanding of 
PET assay development. 

Chapter 3 describes the concept of the “electronic generator” for preparing 
PET molecular imaging probes. An electronic generator represents the integra- 
tion of a small cyclotron with an automated molecular imaging probe synthe- 
sizer operating under the control of a personal computer. This technology, revo- 
lutionized by joint efforts between academia and industry, enables production 
of multiple doses of various PET molecular imaging probes by a technician for 
clinical and research applications. 

Discussed in this chapter are the fundamental principles behind positive, and 
negative-ion cyclotrons and the advantages of the latter for the automated pro- 
duction of positron emitting isotopes for PET. A description of the relevant pa- 
rameters that determine the course of nuclear reactions and a conceptual design 
of a cyclotron target body appropriate for the production of positron emitting 
isotopes are also provided. A number of numerical examples are included to ac- 
centuate and facilitate understanding of all these basic concepts and the mathe- 
matical relationships defining them. 

Important ls O-, 13 N-, n C- and 18 F-labeled precursors that are currently used 
in the synthesis of labeled molecular imaging probes for PET are summarized. 
Representative examples of low-energy small cyclotrons, target systems, and au- 
tomated radiosynthesis modules are also discussed from the standpoint of the 
genesis and future of electronic generators. 

Finally, the crucial role of the recent FDA legislative action, namely, FDAMA 
’97, on PET radiopharmacies and their impact on the emerging clinical PET are 
addressed. 

Chapter 4 describes the fundamental principles of molecular imaging probe 
design as a biochemical tool to reveal the molecular basis of normal biological 
processes and those of disease. Emphasis is given to the ultimate objective of the 
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molecular imaging determination, namely, how properly designed molecular 
probes are used to select out and quantify the target process to be measured. 
Specific examples illustrate the main concepts and their extension to the devel- 
opment of other imaging probes. 

Molecular imaging probes (diagnostics) and drugs (therapeutics) share com- 
mon concepts in structural design and common biochemical targets of enzymes, 
receptors, neurotransmitter systems, RNA, DNA, and pathological depositions. 
Application of molecular imaging to aid in drug development (e.g., receptor oc- 
cupancy determinations, pharmacokinetics, surrogate markers, the development 
of combinatorial radiolabeled drug libraries) is discussed. The concept of mak- 
ing molecular imaging probes available to physicians and researchers via distri- 
bution centers is also illustrated. 

Chapter 5 focuses on the integration of PET imaging with 18 F-fluo- 
rodeoxyglucose (FDG) into the care of patients with cancer. PET has now been 
incorporated into diagnostic algorithms for many cancers, and the number of 
PET studies performed in the United States is approaching a million per year in 
2003 and is increasing at a rate of about 50%/year. A similar magnitude and rate 
of growth is occurring for the rest of the world. 

The chapter reviews the clinical role and accuracy of FDG-PET for diagnos- 
ing, staging, and detecting recurrent disease in various cancers in the context of 
other diagnostic imaging modalities. In addition, the role of PET for monitor- 
ing various cancer treatments is discussed. Further, the prognostic value, cost- 
effectiveness, and impact on patient management with FDG-PET are reviewed. 

New concepts for molecular imaging of cancer with PET are introduced. 
These include the emergence of combined PET/CT imaging devices and the 
development of new tracers that target specific biological properties of cancer 
cells including u C-acetate and 18 F-fluoroethylcholine for lipid synthesis and 18 F- 
fluorothymidine (FLT) for assessing DNA replication and cell proliferation. 

Chapter 6 examines the principles, methods, and applications of PET to the 
study and characterization of the cardiovascular system. The chapter proceeds 
from studies of normal cardiac function to its failure in disease. The impact of 
the heart’s anatomical and functional properties on PET images of the cardio- 
vascular system are examined. Approaches are presented for deriving qualitative 
and, more importantly, quantitative information on regional molecular imag- 
ing probe tissue concentrations. Since quantitative information is fundamental 
to the application tracer kinetic principles to the heart, it is reviewed in consid- 
erable detail together with a description of how this information can be em- 
ployed for the determination of regional rates of blood flow, oxygen consump- 
tion, and substrate metabolism in the myocardium. PET- derived estimates of 
these processes for the normal human heart are summarized in several tables to- 
gether with data established through invasive techniques. 

The chapter then explores the value of PET for diagnosing and characteriz- 
ing coronary artery disease by utilizing measurements of myocardial blood flow 
and its response to physiological and pharmacological stresses. The use of these 
types of studies for detecting pre-clinical coronary artery disease, as well as for 
monitoring responses to lifestyle and pharmacological risk factor modification, 
are also described. 

Alterations of myocardial substrate metabolism as observed with PET in 
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non-coronary cardiac disease are then reviewed. This is followed by an exten- 
sive description of the utility of PET for the assessment of myocardial viability 
in cardiac disease. Underlying pathophysiological mechanisms are examined 
and related to alterations in blood flow and substrate metabolism as observed 
with PET. 

Relevant to the clinician, the chapter then discusses clinical implications of 
viability assessments with PET, especially in the severely symptomatic patient 
with end-stage coronary artery disease. The chapter concludes by reviewing 
current and future clinical applications of PET in patients with cardiovascular 
disease. 

Chapter 7 covers the ways in which imaging studies with PET have advanced 
our understanding of the brain through in vivo assessment of diverse aspects 
of neurobiology and biochemistry. In vivo measurements of cerebral glucose 
metabolism, blood flow, enzyme activities, neurotransmitter synthesis, and 
receptor binding are described, along with the ways in which such parameters 
are affected by normal development and by a host of neurological and psychi- 
atric disorders. 

The properties and actions of the molecular imaging probes used in study- 
ing the brain are integral to understanding the measurements of cerebral func- 
tion made with PET. This knowledge of molecular imaging probes is discussed 
alongside the kinds of investigations in which the probes are employed. 

Since the synthesis of over 95% of the adenosine triphosphate (ATP) mole- 
cules that are hydrolyzed to fuel cerebral function originates from metabolism 
of glucose, PET imaging of glucose metabolism with FDG provides an excellent 
way to evaluate the distributed function of the brain. Studies of various normal 
and disease states of the brain are presented to illustrate this approach to map- 
ping cerebral function and providing an accurate disease diagnosis. 

Studies are presented to show how the anatomical pattern of blood flow im- 
aged with diffusible tracers such as 15 0-water closely parallels that of the cere- 
bral metabolic rate for glucose throughout much of the normal brain. Examples 
are also shown where under certain pathologic circumstances the normal cou- 
pling between glucose metabolism and blood flow is disturbed. 

PET provides a unique window through which to view neurotransmitter sys- 
tems in the brain with a continuing goal in PET research to design molecular 
imaging probes and tracer kinetic models that provide detailed assessments of 
neurotransmitter system function in vivo. PET methods have been developed to 
assess occupancy of receptors by pharmacologic doses of drugs and the effects 
of drugs on neurotransmitter release. As studies on other neurotransmitter sys- 
tems have largely mimicked approaches used for the dopamine system, a de- 
tailed presentation of dopaminergic PET probes and their applications are first 
presented, followed by probes used in studying serotonergic, cholinergic, 
GABAergic, and opioid neurotransmitter systems. 

Phenomena that had previously been studied at only the psychological level, 
such as human mood states, pain perception, and substance abuse, are explored 
in terms of their underlying neuroanatomical and neurochemical substrates, in 
living human beings. Many diseases that show no gross structural abnormalities 
on CT and MRI have been revealed with molecular imaging studies with PET. 
Disorders in which PET is used to examine biological abnormalities in human 
brain that are detailed in the text include Alzheimer's, Parkinson's, and other 
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neurodegenerative diseases, epilepsy, cerebrovascular disease, pain syndromes, 
depression, obsessive-compulsive disorder, schizophrenia, and addiction. In ad- 
dition, related work conducted with PET in non-human primates and rodents 
is highlighted. 

Finally, this chapter looks at some of the future directions of PET in the 
study of the biological basis of both normal and abnormal states of the brain. 



Michael E. Phelps, PhD 





PET continues to mature as a molecular imaging technology for the scientific 
exploration and for molecular diagnostics of the biological basis of cellular func- 
tion in vivo through great ideas from great people. 

Joining in this effort have been dedicated members of Congress and the ad- 
ministration such as Senators Stevens, Kennedy, and their colleagues; Liz Connell 
of Senator Stevens’ staff, HHS Secretaries Shalala and Thompson; and Dr. Sean 
Tunis of CMS. The Biological and Environmental Research Division of the De- 
partment of Energy supported PET in that most difficult period, “In the Begin- 
ning,” and has continued to do so, under the direction of Dr. Ari Patrinos, along 
with the National Institutes of Health, under the direction of Alias Zerhouni. 

I am most appreciative of the faculty, students, technologists, and staff at 
UCLA who have stood with me through the good times and the difficult ones. 
They have always remained enthusiastic and passionate about doing their part 
to make PET successful through the long days and nights of this journey. The 
UCLA faculty and staff have trained a large percentage of the people in PET 
throughout the world and this has been our privilege. 

I am appreciative that my university, UCLA, has provided so many resources 
to my program and has put up with so many demands that I have placed on 
them. I have posed awkward situations for them at times but I have always tried 
to make up for this by also being productive. 

The chapter authors have labored for two years to write this book. They have 
gone through many re-writes and debates with me that have at times been chal- 
lenging to our relationship. We surfaced from all this as we began — great col- 
leagues and friends who are proud of what we accomplish together. 

Norton Simon deserves special recognition as the greatest teacher I ever had. 
He was also my friend. Before he passed away in 1993 he gave me a precious 
present in a simple saying, “Life has a natural curve. You go up, plateau and go 
down. The only way to deal with this is to be constantly starting new curves and 
in this way always remain in a state of becoming.” 

This guiding statement and Norton will always be a part of my life. 



Michael E. Phelps, PhD 
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PET: Physics, Instrumentation, 
and Scanners 

Simon R. Cherry and Magnus Dahlbom 



Positron emission tomography (PET) is a nuclear imaging technique that uses 
the unique decay characteristics of radionuclides that decay by positron emis- 
sion. These radionuclides are produced in a cyclotron and are then used to la- 
bel compounds of biological interest. The labeled compound (typically 10 13 — 10 15 
labeled molecules) is introduced into the body, usually by intravenous injection, 
and is distributed in tissues in a manner determined by its biochemical proper- 
ties. When the radioactive atom on a particular molecule decays, a positron is 
ejected from the nucleus, ultimately leading to the emission of high-energy pho- 
tons that have a good probability of escaping from the body. A PET scanner con- 
sists of a set of detectors that surround the object to be imaged and are designed 
to convert these high-energy photons into an electrical signal that can be fed to 
subsequent electronics. In a typical PET scan, 10 6 to 10 9 events (decays) will be 
detected. These events are corrected for a number of factors and then recon- 
structed into a tomographic image using mathematical algorithms. The output 
of the reconstruction process is a three-dimensional (3-D) image volume, where 
the signal intensity in any particular image voxel* is proportional to the amount 
of the radionuclide (and, hence, the amount of the labeled molecule to which it 
is attached) in that voxel. Thus, PET images allow the spatial distribution of ra- 
diolabeled tracers to be mapped quantitatively in a living human. By taking a 
time sequence of images, the tissue concentration of the radiolabeled molecules 
as a function of time is measured, and with appropriate mathematical model- 
ing, the rate of specific biological processes can be determined (Chapter 2). 

This chapter is designed to give the reader a solid understanding of the 
physics and instrumentation aspects of PET, including how PET data are col- 
lected and formed into an image. The chapter begins with a review of the basic 
physics underlying PET and discusses in detail the detector technology used in 
modern PET scanners. The manner in which PET data are acquired is described, 
and the many correction factors that must be applied to ensure that the data are 



*A voxel is a volume element in a three-dimensional image array. It is analogous to a pixel 
in a two-dimensional image array. 
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quantitative are introduced. The methods by which PET data are reconstructed 
into a three-dimensional image volume are explained, along with some of the 
approaches that are used to analyze and quantify the resultant images. Finally, 
a variety of modern PET imaging systems are discussed, including those designed 
for clinical service and research and small-animal imaging, along with methods 
for evaluating the performance of these systems. 



PHYSICS OF POSITRON EMISSION AND ANNIHILATION 

Basic nuclear physics and positron emission 

The nucleus of an atom is composed of two different types of nucleons , known 
as protons and neutrons. These particles have similar masses but differ in that a 
proton has positive charge, whereas a neutron is uncharged. A cloud of nega- 
tively charged electrons surrounds the nucleus. In an uncharged atom, the num- 
ber of electrons equals the number of protons. The basic properties of protons, 
electrons, and neutrons are listed in Table 1-1. The number of protons in an 
atom is known as the atomic number (often denoted as Z) and defines the ele- 
ment to which the atom belongs. The total number of nucleons is known as the 
mass number y often denoted by A. Atoms with the same Z, but different values 
of A, are isotopes of the element corresponding to atomic number Z. Nuclei usu- 
ally are defined by the following notation: 

zX or A X (1-1) 

where X is the one- or two-letter symbol for the element with atomic number 
Z (e.g., Fe for iron and C for carbon), and A is the mass number. For example, 
18 F is an isotope of fluorine and consists of 9 protons (because it is fluorine) and 
9 neutrons. Sometimes, this isotope will also be written as F-18 or fluorine- 18. 



EXAMPLE 1-1 

How many neutrons and protons are in the nucleus of l3 N? 



ANSWER 

Consulting a periodic table of the elements reveals that nitrogen has 
an atomic number of 7 and therefore, 7 protons. The mass number of 
this isotope is 13, so the number of neutrons must be (13 - 7) = 6. 

EXAMPLE 1-2 

How would an atom with 29 protons and 35 neutrons be written in 
the notation of Equation 1-1. 



ANSWER 

Referring to a periodic table of the elements shows that the element 
corresponding to Z = 29 is copper (symbol Cu), The total number of 
nucleons is (29 + 35) = 64. Therefore, this nucleus is 64 Cu. 



The nucleus is held together by two opposing forces. The strong force is an 
attractive force between nucleons and is balanced by the repulsive coulomb (elec- 
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TABLE 1-1. Mass and Charge Properties of Nucleons, Electrons, and Positrons 





Proton (p) 


Neutron (n) 


Electron (e ) 


Positron (e + ) 


Mass 


1.67 X 10- 27 kg 


1.67 X 10“ 27 kg 


9.1 x 1<r 31 kg 


9.1 x 10“ 31 kg 


Charge 


+ 1.6 X 1CT 19 C 


0 


-1.6 X 10-' 9 C 


+ 1.6 X IQ-' 9 C 



Based on data from Handbook of Physics and Chemistry, 71st Edition, Ed: D.R. Lide, CRC Press, Boca Raton, FL, 1991. 



trical) force between the positively charged protons. If a nucleus has either an 
excess number of protons or neutrons, it is unstable and prone to radioactive 
decay, leading to a change in the number of protons or neutrons in the nucleus 
and a more stable configuration. Nuclei that decay in this manner are known as 
radionuclides. For a specific element with atomic number Z, isotopes that are 
unstable and which undergo radioactive decay are known as radioisotopes of that 
element. 

One common method by which nuclei with an excess of protons may decay 
is through positron emission (also known as /3 + or beta-plus decay). Essentially, 
a proton in the nucleus of the atom is converted into a neutron (n) and a positron 
(e + ). The positron is the antiparticle to the electron with the same mass but op- 
posite electric charge (see Table 1-1). The positron is ejected from the nucleus, 
along with a neutrino (v) that is not detected. An example of a radionuclide that 
decays by positron emission is U C: 

n C -> n B + + v (1-2) 

The net energy released during positron emission is shared between the daugh- 
ter nucleus, the positron, and the neutrino. Positrons are therefore emitted with 
a range of energies, from zero up to a maximum endpoint energy E max . This 
endpoint energy is determined by the difference in atomic masses between the 
parent atom and the daughter atom, taking into account gamma-ray emission 
from excited states that may occur if the transition is not between the ground 
states of the two nuclei. The mean kinetic energy of the emitted positrons is 
approximately 0.33 X £ max . Decay by positron emission is the basis for PET 
imaging. 

Proton-rich radionuclides also can decay by a process known as electron cap- 
ture. Here, the nucleus captures an orbital electron and converts a proton into 
a neutron, thus decreasing the atomic number Z by one. Once again, a neutrino 
is released. An example of electron capture would be the decay of 125 I: 

I 25 / 1257> + V (1-3) 

Electron capture decay can lead to emission of x-rays (filling of the orbital va- 
cancy created by the captured electron) or gamma-rays (electron capture leaves 
the nucleus in an excited state with further decay to the ground state by emis- 
sion of one or more gamma-rays). These emissions may also be used for in vivo 
imaging but do not share the unique properties of decay by positron emission 
which are explained in the section on Annihilation (p. 5). Decay by electron cap- 
ture and positron emission compete with one another, with positron emission 
usually being the dominant process in low Z nuclei, and electron capture being 
more likely in higher Z nuclei. Radionuclides that decay predominantly by 
positron emission are preferred for PET imaging. 
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TABLE 1-2. Select List of Radionuclides That Decay by Positron Emission and Are 
Relevant to PET Imaging 



Radionuclide 


Half-life 


Emax(Mev) 


/3 + Branching Fraction 


"c 


20.4 min 


0.96 


1.00 


13 N 


9.97 min 


1.20 


1.00 


1s o 


122 s 


1.73 


1.00 


18 F 


109.8 min 


0.63 


0.97 


22 Na 


2.60 y 


0.55 


0.90 


62 Cu 


9.74 min 


2.93 


0.97 


64 Cu 


12.7 h 


0.65 


0.29 


68 Ga 


67.6 min 


1.89 


0.89 


76 Br 


16.2 h 


Various 


0.56 


82 Rb 


1.27 min 


2.60, 3.38 


0.96 


1 24 1 


4.17 d 


1.53, 2.14 


0.23 



Based on data from Table of Nuclides: www2.bnl.gov/ton (accessed October 17th, 2002) 



Many radionuclides decay by positron emission. Table 1-2 presents a selec- 
tion of these radionuclides that are commonly encountered in relation to PET 
imaging. The production of these positron-emitting radionuclides for medical 
use is discussed in Chapter 3. Included in the table are the maximum kinetic en- 
ergy of the emitted positrons, £ max , and the fraction of decays that occur by 
positron emission. The energy of the emissions from radioactive decay are nor- 
mally given in units of electron volts (eV), which is a more convenient unit than 
standard Systeme International (SI) energy units for handling the relatively small 
energies involved. One electron volt is defined as being equal to the energy ac- 
quired by an electron when it is accelerated through a potential difference of one 
volt. The conversion to joules, the SI unit for energy is: 

1 eV = 1.6 X 10“ 19 J (1-4) 

For PET imaging, units of kiloelectron volts (1 keV = 10 3 eV) and megaelectron 
volts (1 MeV = 10 6 eV) are commonly used. 

Table 1-2 also lists the half-life of the radionuclides. A sample of identical 
radioactive atoms will decay in an exponential fashion, and the half-life is the 
time required for half the atoms in the sample to decay. The relationship be- 
tween the activity A of a sample at time t, and the half-life, T 1/2 , is given by: 

A(t) = A(0)exp(-ln2 X t/T 1/2 ) (1-5) 

where A(0) is the activity of the sample at time 0. Activity is measured in units 
of the number of disintegrations per second: 

1 bequerel (Bq) = 1 disintegration per second (1-6) 

In the United States, traditional units of the curie (Ci) and millicurie (1 mCi = 
10 -3 Ci) are still frequently used. The conversion is: 

1 mCi = 37 X 10 6 Bq = 37 MBq (l-7a) 

or 

1 MBq = 27 X 1(T 6 Ci = 27 /x Ci (l-7b) 

For more information on the physics of positron emission, see the textbook by 
Evans. 1 
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EXAMPLE 1-3 

A sample of i S F is measured at 10:40 am and has an activity of 30 MBq. 
It is injected into a patient at 1 1:30 am. How much activity was in- 
jected? 

ANSWER 

From Table 1-2, the half-life of !S F is 109.8 minutes. The time elapsed 
between measurement of the sample and injection is 50 minutes. Us- 
ing Equation 1-5, the activity at the time of injection is: 

A(t) = 30 MBq X exp( -0.693 X 50/109.8) = 21.9 MBq 



Annihilation 

The positron that is ejected following /3 + decay has a very short lifetime in electron- 
rich material such as tissue. It rapidly loses its kinetic energy in inelastic inter- 
actions with atomic electrons in the tissue, and once most of its energy is dis- 
sipated (typically within 10“ 1 to 10 -2 cm, depending on its energy), it will 
combine with an electron and form a hydrogen-like state known as positronium. 
In the analogy to hydrogen, the proton that forms the nucleus in a hydrogen 
atom is substituted by a positron. This state lasts only about 10“ 10 seconds be- 
fore a process known as annihilation occurs, where the mass of the electron and 
the positron is converted into electromagnetic energy. Because the positron and 
electron are almost at rest when this occurs, the energy released comes largely 
from the mass of the particles and can be computed from Einstein’s mass- 
energy equivalence as: 

E = me 2 - m e c 2 + ra p c 2 (1-8) 

where m e is the mass of the electron, ra p is the mass of the positron, and c is the 
speed of light (3 X 10 8 m/s). Inserting the values from Table 1-1, and using 
Equation 1-8 and the conversion in Equation 1-4, the energy released can be 
shown to be 1.022 MeV. 

The energy is released in the form of high-energy photons. As the positron 
and electron are almost at rest when the annihilation occurs, the net momen- 
tum is close to zero. Because momentum as well as energy must be conserved, 
it is not in general possible for annihilation to result in the emission of a single 
photon; otherwise, a net momentum would occur in the direction of that pho- 
ton. Instead, two photons are emitted simultaneously in opposite directions 
(180° apart), carrying an energy equal to 1.022 MeV/2, or 51 1 keV, ensuring that 
both energy and momentum are conserved. This process is shown schematically 
in Figure 1-1. Higher order annihilation, in which more than 2 photons are emit- 
ted, is also possible, but only occurs in about 0.003% of the annihilations. 

The annihilation process has a number of very important properties that are 
advantageous for imaging and lead directly to the concept of PET. First, the an- 
nihilation photons are very energetic (they fall in the gamma-ray region of the 
electromagnetic spectrum and are roughly a factor of ten higher in energy than 
diagnostic x-rays), which means they have a good chance of escaping the body 
for external detection. It is, therefore, the annihilation photons that are detected 
in PET imaging, not the positrons (which are absorbed locally). Second, two 
photons are emitted with a precise geometric relationship. If both photons can 
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FIGURE 1-1. The process of 
positron emission and subse- 
quent positron-electron annihi- 
lation results in two 511 keV 
annihilation photons emitted 
180° apart. The site of annihi- 
lation is usually very close to 
the point of positron emission 
because the emitted positrons 
rapidly lose their energy in tis- 
sue (see Figure 1 -5). 



be detected and localized externally, the line joining the detected locations passes 
directly through the point of annihilation (Figure 1-2A). This was originally re- 
ferred to as electronic collimation. 2 Because the point of annihilation is very close 
to the point of positron emission, this also gives a good indication (again to 
within a line) of where the radioactive atom was in the body. Contrast this with 
radioactive decay schemes that result in emission of a single photon. Although 
a single detector can be used, the detection and localization of a single photon 
tells nothing about where it came from in the body (Figure 1-2B). The direction 
of the photon can only be determined by the using a form of absorptive colli- 
mation, which only allows photons emitted in a certain direction to impinge on 
the detector (Figure 1-2C). This reduces the number of events that are detected 
for a given amount of radioactivity in the body by at least 1 to 2 orders of mag- 
nitude compared with electronic collimation. Electronic collimation also allows 
events to be collected from many different directions simultaneously leading to 
the capability of rapid tomographic imaging (see Image Reconstruction, p. 70). 
Third, all positron-emitting radionuclides, independent of the element involved, 
or the energy of the emitted positrons, ultimately lead to the emission of two 
back-to-back 511 keV photons; that is, a PET scanner can be designed and 
optimized for imaging all positron-emitting radionuclides at this single energy. 
One drawback to this, however, is that it is not possible to perform dual- 
radionuclide studies with PET and distinguish between the radionuclides based 
on the energy of the emissions. Because the annihilation photons fall in the gamma- 
ray region of the electromagnetic spectrum, the terms photons and gamma- rays 
are often used interchangeably when referring to the annihilation photons. An- 
nihilation photons is technically the correct term because the radiation does not 
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FIGURE 1-2. (A) Radionuclides that decay by 
positron emission result in two annihilation pho- 
tons emitted 180° apart. If both photons are de- 
tected, the detection locations define (to within the 
distance traveled by the positron prior to annihila- 
tion) a line along which the decaying atom was lo- 
cated. (B) Radionuclides that decay by emitting sin- 
gle photons provide no positional information, as 
a detected event could originate from anywhere in 
the sample volume. (C) For single photon imaging, 
physical collimation can be used to absorb all pho- 
tons except those that are incident on the detector 
from one particular direction (in this case perpen- 
dicular to the detector face), defining a line of 
origin just like the coincident 51 1-keV photons do 
following positron emission. To achieve this local- 
ization, however, the radiation from the majority of 
decays has been absorbed and does not contribute 
to image formation, leading to the detection of 
many fewer events for a given amount of radioac- 
tivity in the object. Absorptive collimation of this 
kind is the approach used in planar nuclear medi- 
cine imaging and in single photon emission com- 
puted tomography (SPECT). 



DETECTOR 




(b) (c) 



arise directly from the nucleus. However, the properties of annihilation photons 
are absolutely identical to a 51 1-keV gamma- ray — the difference in terminology 
reflects their different origins. 

The annihilation process forms the basis for PET imaging. A PET scanner is 
designed to detect and localize the simultaneous back-to-back annihilation pho- 
tons that are emitted following decay of a radionuclide by positron emission 
(Figure 1-3). In a typical PET scan, many millions of these photon pairs will be 
detected from a compound that is tagged with a positron-emitting radionuclide 
and which has been injected into the body. 

As described above, the detection of the annihilation photons only localizes 
the location of the radioactive atom to within a line joining the detecting posi- 
tions. Two approaches can then be used to form an image that reflects the ac- 
tual locations of the radioactive atoms and, therefore, the compound to which 
it is attached. The first approach is conceptually the most simple, but is rarely 
used. It involves measuring the difference in arrival time of the two photons at 
the detectors. Obviously, if an annihilation occurs closer to detector 1 than de- 
tector 2, then the annihilation photon directed towards detector 1 will arrive at 
that detector earlier than the annihilation photon directed towards detector 2. 
The relationship between the difference in arrival time of the two annihilation 
photons, At, and the location d of the annihilation with respect to a point ex- 
actly half-way between the two detectors, is given by: 

, At X c 



2 



(1-9) 
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FIGURE 1-3. Schematic drawing of a PET scanner consisting of a ring of high-energy 
photon (gamma-ray) detectors. A ring geometry is shown, but other possibilities include 
polygonal assemblies of panels and opposing rotating planar detectors. The detectors are 
designed to record as many of the annihilation photons as possible and to locate the line 
along which the decay occurred by determining the two interaction vertices. Each de- 
tector is in electronic coincidence with a fan of detectors on the opposite side of the 
ring, so the object is simultaneously sampled from many different angles. For clarity, the 
measured lines of response for just two detectors are shown in this figure. Typically, 1 0 6 
to 10 9 events (detections of annihilation photon pairs) are needed in a PET scan to re- 
construct a statistically meaningful image of the distribution of radioactivity in the body. 



where cis the speed of light (30 cm/ns). In practice, this method, known as time 
of flight, is very difficult and costly to implement because of the very small time 
differences involved. Even a timing resolution as fine as 100 ps would only yield 
a positional resolution of —1.5 cm. With currently available detector technol- 
ogy, the best timing resolution that can be achieved is on the order of a few hun- 
dred picoseconds. Therefore, time-of-flight approaches do not yield the desired 
accuracy of a few millimeters, and no PET scanners are currently manufactured 
using this technique. The approach that is used almost universally involves the 
concept of computed tomography. By measuring the total radioactivity along lines 
that pass at many different angles through the object, mathematical algorithms 
can be used to compute cross-sectional images that reflect the concentration of 
the positron-emitting radionuclide in tissues throughout the body. This is dis- 
cussed in Image Reconstruction (p. 70). 



Chapter 1: PET: Physics, Instrumentation, and Scanners 



Positron range and noncolinearity 

There are two effects in PET imaging systems that lead to errors in determining 
the line along which a positron-emitting radionuclide is to be found. These ef- 
fects place some finite limits on the spatial resolution attainable with PET and 
manifest themselves as a blurring of the reconstructed images. 

The first of these effects is positron range. As shown in Figure 1-4 (top), this 
is the distance from the site of positron emission to the site of annihilation. A 
PET scanner detects the annihilation photons which define the line along which 
the annihilation takes place, not the line along which the decaying atom is lo- 
cated. Because the positrons follow a tortuous path in tissue, undergoing mul- 
tiple direction-changing interactions with electrons prior to annihilation, the to- 
tal path length the positron travels is considerably longer than the positron range. 
From the perspective of PET imaging, it is the perpendicular distance from the 
emission site to the line defined by the annihilation photons that matters and 
which causes mispositioning. 

As described earlier, radionuclides differ in the energy of emitted positrons. 
Some radionuclides emit, on average, higher energy positrons than others, mak- 
ing the positron range effect radionuclide- dependent. Figure 1-5 shows the an- 
nihilation locations for positron emission from a point source emitter located 
at the center of a block of tissue-equivalent material. Notice the broader distri- 
bution for oxygen- 15 (a high energy positron emitter with E max = 1.72 MeV) 
compared to fluorine- 18 (E max = 0.64 MeV). Profiles through these distribu- 
tions reveal that they are nonGaussian in nature and are best fitted by expo- 
nential functions. Several groups have either measured, 3 computed, 4 or simu- 
lated 5 these distributions. Although the trends are similar, some disagreement 
between these studies is noted on the exact width and shape of the distribution. 
The blurring effect on the final PET image, however, clearly ranges from a few 
tenths of a millimeter up to several millimeters, depending on the radionuclide 
and its E max . 

Positron range limits the ultimate resolution attainable by PET. Studies have 
shown the ability to reduce positron range, particularly in radionuclides with 
large E max , by using strong magnetic fields. 6-8 However, this is not currently 
practical to implement in the complex setting of a PET system. The positron 
range distribution may also in theory be deconvolved from the PET image. 9,10 
In practice, the data rarely, if ever, have the statistical quality (sufficient 
number of events) to make this advantageous, as deconvolution leads to noise 
amplification. A better approach may be to incorporate positron range distri- 
bution information into iterative reconstruction algorithms (Iterative Recon- 
struction Methods, p. 86), which should lead to improvements in image reso- 
lution that are consistent with the statistical quality of the data when using 
positron-emitters with a high E max . To put this discussion in perspective, it 
should also be pointed out that positron range is not a major limiting factor in 
PET imaging at the present time, except perhaps in animal studies of the very 
highest resolution using positron emitters with relatively high values (>1.5 
MeV) of E max . 

The second effect comes from the fact that the positron and electron are not 
completely at rest when they annihilate. The small net momentum of these par- 
ticles means that the annihilation photons will not be at exactly 180° and will, 
in fact, be emitted with a distribution of angles around 180°. This is known as 
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FIGURE 1-4. Error in determining the location of the emitting nucleus due to positron 
range (top) and noncolinearity (bottom). The positron range error is dependent on the 
energy of the emitted positrons. Noncolinearity is independent of radionuclide, and 
the error is determined by the separation of the detectors. The deviation from nonco- 
linearity is highly exaggerated in the figure; the average angular deviation from 180° 
is about ± 0.25°. (Reproduced with permission from Cherry SR, Sorenson JA, Phelps 
ME. Physics in Nuclear Medicine, W.B. Saunders, New York, 2003.) 



FIGURE 1-5. A: Simulations for several PET radionuclides showing the distribution of 
positron annihilation sites in water for positrons emitted at the center of the image (po- 
sition 0.0 mm). B: Profiles through the simulated distributions showing measured 
FWHM and FWTM of the distributions. Abbreviations: FWHM, full width at half max- 
imum; FWTM, full width at tenth maximum. (Reproduced with permission from Levin 
C, Hoffman EJ. Phys Med Biol 1999, 44: 781-799.) 
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noncolinearity. This effect is independent of radionuclide because the positrons 
must lose most of their energy before they can annihilate; hence, the initial en- 
ergy is irrelevant. The distribution of emitted angles is roughly Gaussian in shape, 
with a full width at half maximum (FWHM)* of ~0.5°. After detecting the an- 
nihilation photons, PET assumes that the emission was exactly back to back, re- 
sulting in a small error in locating the line of annihilation (Figure 1-4 bottom). 
Assuming a Gaussian distribution and using the fact that the angles are small, 
the blurring effect due to noncolinearity, A nc , can be estimated as: 

A nc = 0.0022 X D (1-10) 

where D is the diameter of the PET scanner. The error increases linearly as the 
diameter of the PET scanner increases. Once again, the effect is relatively small 
compared with the detector resolution in most clinical PET scanners. In PET 
scanners used for animals, D generally is small, and as illustrated in Example 
1-4, noncolinearity is not a major limiting factor at the present time. 



EXAMPLE 1-4 

Calculate the blurring due to photon noncolinearity in an 80-cm di- 
ameter PET scanner designed for imaging humans and in a 15-cm 
diameter PET scanner designed for imaging small animals. 

ANSWER 

From Equation 1-10, the blurring is calculated as: 

80-cm human scanner: 

A nc = 0.0022 X D = 0.0022 X 800 mm = 1.76 mm 

1 5 -cm small -animal scanner: 

A^ = 0.0022 X D = 0.0022 X 150 mm = 0.33 mm 



511 keV PHOTON INTERACTIONS IN MATTER 

It is important to understand how the 511-keV photons emitted following an- 
nihilation interact with the tissue surrounding them, with the detector material 
of the PET scanner, and with materials such as lead and tungsten that may be 
used for shielding or slice collimation purposes. The photoelectric effect and 
Compton scattering are two major mechanisms by which 511-keV photons in- 
teract with matter. 

Photoelectric interactions 

Figure 1-6 summarizes interaction by the photoelectric effect. A 511-keV pho- 
ton will interact with an atom as a whole in the surrounding medium and is 
completely absorbed by transferring its energy to an orbital electron. This elec- 
tron is given enough energy to escape the atom but is quickly absorbed in solids 



*FWHM is often used to characterize a distribution that is Gaussian or nearly Gaussian and 
involves measuring the width of the distribution at the point where it reaches half the max- 
imum amplitude. A related measure, full width at tenth maximum (FWTM), identifies the 
width of the distribution where it reaches one tenth of its maximum amplitude. 
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FIGURE 1-6. Schematic representation of the pho- 
toelectric effect. The incident photon transfers all 
of its energy to an electron which is ejected from 
the atom but which is itself absorbed by material 
nearby. (Reproduced with permission from Cherry 
SR, Sorenson JA, Phelps ME. Physics in Nuclear 
Medicine , W.B. Saunders, New York, 2003.) 




and liquids. An x-ray with an energy equal to the binding energy of the electron 
is also generated as the vacancy in the electron shell of the atom is filled. These 
x-rays typically have energies of tens of keV and are also quickly absorbed in the 
medium. The net result of a photoelectric interaction in a reasonably dense liq- 
uid or solid is the complete absorption of the original photon with all 5 1 1 keV 
of energy deposited locally (within a sphere of a few hundred microns 
in diameter) in the material. The probability of photoelectric absorption per 
unit distance in a medium strongly depends on the atomic number of the 
medium in which the photon is propagating. At 5 1 1 keV, it is roughly propor- 
tional to Z 3,4 . 



Compton scattering interactions 

Compton scattering interactions are shown in Figure 1-7. Here, the 511-keV 
photon scatters off a free or loosely bound electron in the medium, transferring 
some of its energy to the electron and changing direction in the process. Im- 
posing conservation of momentum and energy leads to a simple relationship 1 
between the energy of the original photon (£), the energy of the scattered pho- 
ton ( E sc ) and the angle through which it is scattered, 6: 



Esc 



m e c 2 

E 



m e c 2 

+ 1 — COS0 



( 1 - 11 ) 



In this equation, m e is the mass of the electron and c is the speed of light (2.998 X 
10 8 m/s). Using units of electron volts for energy, the term m e c 2 is equal to 511 



FIGURE 1-7. Schematic representation of 
Compton scattering in which the incident 
photon transfers part of its energy to an 
electron, causing it to change direction. 
The scattered photon carries considerable 
energy and can have a long range in ma- 
terials such as tissue. (Reproduced with 
permission from Cherry SR, Sorenson JA, 
Phelps ME. Physics in Nuclear Medicine, 
W.B. Saunders, New York, 2003.) 
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keV. In PET, the incoming photon of interest has an energy level of 511 keV; 



the equation, therefore, reduces further to: 




Esci. keV) - 511 

2 — cos 0 


(1-12) 


The recoil energy that is transferred to the electron, E re , which is 
the medium, is equal to E — E sc : 


dissipated in 


(1 - COS0) 

E re =E-E sc = EX ^ me c 2 + 1 cos0 j 


(1-13) 


Again substituting E = 511 keV, this reduces to: 




Ere( keV) = 511 X - ~ cos ^ 
2 — cos 6 


(1-14) 



The maximum energy that can be imparted to the electron (and, therefore, 
the medium) occurs when the photon is scattered through 180°. The probabil- 
ity of Compton scattering per unit length of absorbing medium is linearly pro- 
portional to the atomic number of the medium. 



EXAMPLE 1-5 

Calculate the minimum energy of a 51 1-keV photon after it has un- 
dergone Compton scattering. What is the energy given up to the recoil 
electron? 



ANSWER 

The minimum energy will occur when the maximum energy is given 
to the electron. This occurs for a scattering angle of 180°. From Equa- 
tion 1-12, the energy of the scattered photon will be: 

Es C = 51 1 keV / (2 - cos 180") = 170 keV 

The energy given to the electron is simply E — £j C = 51 1 keV — 170 
keV = 340 keV. 



The angular distribution of the scattered photons is given by the Klein- 
Nischina equation. 1 It is independent of the scattering medium but strongly de- 
pendent on the energy of the photons. The angular distribution for a range of 
energies is shown in Figure 1-8. 

Interaction cross-sections in various materials 

The interaction (absorption or scattering) of 51 1-keV photons by matter can be 
described with a simple exponential relationship: 

I(x) = 7(0)exp(-/xx) (1-15) 

where 1(0) is the 51 1-keV photon flux impinging on the medium, x is the thick- 
ness of the medium, and I(x) is the flux of 51 1-keV photons that passes through 
the medium without interaction. The parameter fi is the linear attenuation co- 
efficient and is the probability per unit distance that an interaction will occur. 
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FIGURE 1-8. Relative probability 
of Compton scattering (normal- 
ized per unit of solid angle) ver- 
sus scattering angle. At 51 1 keV, 
small-angle forward scatter is 
most likely. (Reproduced with 
permission from Cherry SR, 
Sorenson JA, Phelps ME. Physics 
in Nuclear Medicine, W.B. Saun- 
ders, New York, 2003.) 




For 511-keV photons, it is largely made up of components due to photoelectric 
absorption and Compton scattering, such that: 

P' M'compton ^photoelectric ( 1 - 16 ) 

For PET imaging, three media are of potential interest: tissue in the body, 
the detector material, and any material used for shielding or collimation. The 
attenuation coefficients for soft tissue, bone, for a typical detector material (bis- 
muth germanate or BGO) and for lead and tungsten are shown in Table 1-3. 
The half-value thickness , the thickness of material that is required to cause half 
of the 511-keV photons to interact, is also given. 

The annihilation photons must pass through the body so that they can be 
detected. The dominant form of interaction for 51 1-keV photons in tissue (Table 
1-3) is Compton scattering. Therefore, photon interactions in the body attenu- 
ate the signal by redirecting annihilation photons that would have struck a par- 
ticular detector pair. The angular correlation between the annihilation photons 
is randomized by the scattering process, so if the redirected photons still escape 
the body and are detected in the PET scanner, they will be incorrectly located. 
This results in a background of scattered events in the images. Unfortunately, 
even at the high energies of the annihilation photons, substantial numbers are 
scattered in the body because the Compton scatter cross-section is quite high. 
Example 1-6 illustrates this point. A number of steps are taken to correct for the 



TABLE 1-3. Linear Attenuation Coefficients for Soft Tissue, Bone, Bismuth 
Germanate (a Detector Material), Lead, and Tungsten at 511 keV. 



Material 


p Compton 

1 'em-') 


P photoelectric 

(cm~ 




Half-value 
thickness (cm) 


Soft tissue 


-0.096 


-0.00002 


-0.096 


7.2 


Bone 


-0.169 


-0.001 


-0.17 


4.1 


Bismuth germanate (B60) 


0.51 


0.40 


0.96 


0.76 


Lead 


0.76 


0.89 


1.78 


0.42 


Tungsten 


1.31 


1.09 


2.59 


0.29 
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attenuation due to scatter and to minimize and remove the scatter background 
as explained in Attenuation Correction (p. 56) and Scatter Correction (p. 63). 
This is, in part, based on the fact that photons that undergo Compton interac- 
tion in the body will lose energy (Equation 1-12) and can thus be rejected by a 
detector if they have sufficient energy discrimination. 



EXAMPLE 1-6 

Determine the probability that a 51 I-keV photon emitted 73 cm deep in- 
side the brain is Compton scattered. How does this change if the photon 
is emitted from a point in the liver, 20 cm from the surface of the body? 

ANSWER 

From Table 1 -3, the attenuation coefficient due to Compton scattering for 
51 1-keV photons in tissue is 0.096 cm“L Using Equation 1-15 we find: 

I(x)/I(0) - exp (-fix) 

Brain: x = 7.5 cm, I(x)/!(0) = 0.49 (49% of photons escape unscattered) 
Liver: x — 20 cm, I(x)/I(0) = 0.15 (15% of photons escape unscattered) 

This implies that relatively large numbers of photons are scattered. 
When using PET, we require that both photons are unscattered when 
they reach the detectors. The probability that neither photon scatters 
is roughly the square of the probabilities above, assuming both pho- 
tons pass through equal amounts of tissue. 



The function of the PET scanner is to detect those 51 1-keV photons that es- 
cape the body without interacting. The detector material should, therefore, be 
something that has a high probability of stopping these photons, that is, very 
dense materials, with large values of fi. An example of such a material is BGO. 
It is also preferable that the detector has as high a ratio between photoelectric 
and Compton interactions as possible. Photoelectric interactions are preferred 
in a detector because they result in all of the energy being deposited locally. 
Compton scattering can result in multiple interactions within a detector or in- 
teractions in adjacent detectors. It can, therefore, be difficult to unambiguously 
define the location of the interaction. 



EXAMPLE 1-7 

What thickness of bismuth germanate detector material would be re- 
quired to cause 90% of the incoming photon flux to interact? 



ANSWER 

From Table 1-3, the attenuation coefficient for 5 1 1 -keV photons in bis- 
muth germanate is 0.96 cm -1 . Using Equation M5 and setting 
I(x)/I(Q) = 0.1 (only 10% transmitted, 90% interact) we find: 

l(x)/l(0) = 0.1 - exp (-0.96 X x) 
x- In (0.1) / “0.96 = 2.4 cm 

This demonstrates that detectors wilt need to be several centime- 
ters thick to be highly efficient at stopping 51 1-keV photons. 
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Finally, we may want to shield the detectors from radioactivity that is out- 
side the imaging volume. In addition, some multislice PET scanners use colli- 
mators in the axial direction to define the slices of the object that is being im- 
aged. These axial collimators can also be an effective way to decrease the detection 
of photons that scatter in the body. The idea of collimator or shielding material 
is to absorb any photons that are incident on them, and so materials with the 
very highest attenuation values (subject to requirements for ease of machining 
and cost) are used. Lead and tungsten are two commonly used materials in this 
regard. 



511 keV PHOTON DETECTORS 

A PET scanner is comprised of a set of two or more detectors. To obtain the 
best quality image for a given injected dose of radioactivity, the detectors must 
have a very high efficiency for detecting 511-keV photons that impinge on their 
surface (the more photon pairs that are detected, the better the signal-to-noise 
in the image) and must also give precise information on the spatial location of 
the interaction (this relates directly to the spatial resolution of the images). The 
latter is generally achieved in one of two ways, either by using arrays of small 
detector elements, in which case the precision of localization is related to the 
size of the detector elements, or by using a larger area detector that has posi- 
tion-sensing capability built in. It is also important to be able to determine when 
a photon struck the detectors, so that the time of all detected events can be com- 
pared to determine which ones arrived closely enough in time to correspond to 
an annihilation pair. The ability of a pair of detectors to determine the time dif- 
ference in arrival of the annihilation photons is known as the timing resolution 
and is typically on the order of 2 to 6 ns. A typical timing window that is used 
in PET scanners so as not to accidentally reject annihilation photon pairs is typ- 
ically 2 to 3 times the timing resolution, leading to values in the range of 4 to 
18 ns. Finally, the detectors should indicate the energy of the incoming annihi- 
lation photon such that those that have scattered in the body (and have thus lost 
energy as explained in the section on Compton Scattering Interactions (p. 13) 
can be rejected. The ability of the detector to determine the energy of the pho- 
ton is known as the energy resolution. 

Scintillation detectors are widely used gamma-ray detectors that form the ba- 
sis for almost all PET scanners in use today. These detectors consist of a dense 
crystalline scintillator material that serves as an interacting medium for gamma- 
rays and high-energy photons and which emits visible light when energy is de- 
posited inside of them. This light is then subsequently detected by some form 
of visible light photon detector and converted into an electrical current (Figure 
1-9). This section reviews the components of scintillation detectors and shows 
how they are used as detectors in PET scanners. Other technologies for gamma- 
ray detection (and therefore annihilation photon detection) are also briefly re- 
viewed. 

Scintillators 

Scintillators are transparent materials that have the property of emitting light in 
the visible region of the spectrum when energy from particles or high-energy 
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FIGURE 1-9. Basic components of a scintillation detector. The incident annihilation 
photon interacts in the scintillator (either by photoelectric or Compton interaction). 
Each annihilation photon that interacts produces a single pulse in the detector, with 
the amplitude of the pulse being determined by the number of scintillation photons 
reaching the photon detector and any amplification inherent in the photon detector. 



photons are deposited in them. The light is emitted isotropically and the amount 
of light emitted is proportional to the amount of energy that is deposited in the 
material. These materials can be organic or inorganic compounds and can come 
in both solid and liquid forms. An excellent review of scintillators can be found 
in the textbook by Knoll. 11 Scintillators are characterized by their stopping 
power, their brightness, the wavelength of the emitted light, and the time 
over which the light is produced — important considerations in choosing a scin- 
tillator for a particular application. For the purposes of PET imaging, the scin- 
tillator must be a dense material that can stop a large fraction of the incident 
511-keV photons. For this reason, dense, inorganic, solid scintillators are the 
scintillators of choice. Table 1-4 lists some of the properties of scintillator ma- 
terials suitable for detecting gamma-rays in the 100 to 1000 keV range. As 
demonstrated by Example 1-7, a thickness of several centimeters of these scin- 
tillators is required to effectively stop a large percentage of incident 511-keV 
photons. It is also apparent, that even in the most dense available scintillators, 
Compton interactions are more likely to occur than photoelectric interactions 
at 5 1 1 keV. 

While stopping power is a major factor in the choice of a scintillator for PET, 
other considerations are also important. The brightness of the scintillator (the 
number of light photons produced per 511 keV interaction) is important be- 
cause the integrated light signal from the scintillator (converted by the subse- 
quent photon detector from photons into electrons) is used in several different 
ways. In many detectors, the relative amplitudes of the signals seen by adjacent 
light sensors viewing a piece of scintillator are used to determine the location of 
the interaction. The integrated light signal is used as a direct measure of the en- 
ergy deposited in the scintillator; therefore, by placing a lower threshold on the 
output, it is possible to reject low-energy photons that have scattered in the body. 
In both cases, a major source of noise in the measurement (leading to errors in 
positioning or energy) are statistical fluctuations in the number of scintillation 
photons detected. These fluctuations are governed by Poisson counting statis- 
tics and reduce as 1/Vn where N is the number of scintillation photons that 
are detected. 
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TABLE 1-4. Properties of Scintillator Materials Useful for Gamma-Ray Detection at 511 keV 



Scintillator 


Density 

(g/cc) 


Light 

output 

(photons 

per 

511 keV) 


Decay 

time 

(ns) 


Index of 
refraction 


Linear 
attenuation 
at 511 
keV (cm~ 1 ) 


Ratio 
between 
photoelectric 
and Compton 


Sodium iodide 
[Nal(TI)] 


3.67 


19400 


230 


1.85 


0.34 


0.22 


Bismuth 

Germanate 

(BGO) 


7.13 


4200 


300 


2.15 


0.96 


0.78 


Lutetium 

Oxyorthosilicate 

(LSO:Ce) 


7.40 


-13000 


-47 


1.82 


0.88 


0.52 


Gadolinium 

Oxyorthosilicate 

(GSO:Ce) 


6.71 


-4600 


-56 


1.85 


0.70 


0.35 


Barium Fluoride 
(BaF2) 


4.89 


700, 4900 


0.6, 630 


1.56 


0.45 


0.24 


Yttium Aluminum 
Perovskite 
(YAP:Ce) 


5.37 


-9200 


-27 


1.95 


0.46 


0.05 



Based on data (Table 8.3) from Knoll GF (Radiation Detection and Measurements, 3rd Edition, 2000, Wiley, New York, 2000), light output and 
decay time data for cerium doped scintillators such as LSO, GSO, and YAP are approximate and can vary by tens of percent depending on cerium 
concentration, impurities, and growing conditions. 



Because PET imaging involves the coincident detection of the two annihila- 
tion photons, it will be important to have an accurate assessment of exactly when 
a photon interacts in a detector. The accuracy of timing is determined in large 
part both by the decay time of the scintillator and its brightness. A fast, bright 
scintillator will produce a signal with less timing variation than a slow, dim scin- 
tillator. This observation is based on an analysis of the spread of the average ar- 
rival times of the first scintillation photons at the photodetector. It is these first 
photons which trigger the start of a pulse and is the earliest time point that can 
be detected. Finally, the index of refraction of the scintillator is also important 
as this determines how efficiently optical photons can be transmitted from the 
scintillator to the photodetector. Large mismatches in index result in significant 
internal reflection at the scintillator/photodetector boundary and reduce light 
transmission to the photodetector. 

When discussing PET detectors based on scintillators detectors, it is very im- 
portant to clearly distinguish between the high-energy annihilation photons (511 
keV) that are absorbed by the scintillator and the burst of low-energy optical 
photons (energy of a few eV) that are subsequently emitted by the scintillator 
and converted into an electric current. Each interaction of a 511-keV photon in 
the scintillator ultimately produces a single electrical pulse. The number of vis- 
ible light photons generated in the scintillator and detected by the photon de- 
tector determines the amplitude of that pulse. 

Photomultiplier tubes 

The vast majority of commercially available PET scanners use photomultiplier 
tubes (PMTs) 12 as the photon detector to convert scintillation light into an elec- 
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FIGURE 1 - 1 0 . A photomultiplier tube (PMT) consists of a series of dynodes (electrodes) 
each of which is held at a greater voltage with a resistor chain. Each dynode is coated 
with an emissive material in an evacuated glass tube. The inner surface of the entrance 
window (the photocathode) is also coated with an emissive material. Light photons 
striking the photocathode can release electrons into the tube, and these electrons are 
accelerated by a potential difference to the first dynode. Each electron has sufficient 
energy upon striking the first dynode to release further electrons, which, in turn, are 
accelerated to the second dynode. After 10 dynode stages, each original electron pro- 
duced at the photocathode has been amplified into approximately 10 6 electrons, pro- 
ducing a sizeable current at the PMT output (anode). (Reproduced with permission 
from Cherry SR, Sorenson JA, Phelps ME. Physics in Nuclear Medicine , W.B. Saun- 
ders, New York, 2003.) 



trical current. A cross-section through a typical photomultiplier tube is shown 
in Figure 1-10. Light from the scintillator is transmitted through the glass en- 
trance window of the PMT and excites the photocathode. The photocathode is 
made from a thin layer of material that can easily liberate electrons as energy is 
deposited in it. Each light photon from the scintillator has roughly a 15% to 
25% chance (depending on wavelength) to liberate an electron. This probabil- 
ity is called the quantum efficiency of the PMT. A high potential difference ac- 
celerates the electron from the photocathode and directs it to strike a positively 
charged electrode called the first dynode. This dynode is also coated with an emis- 
sive material that readily releases electrons, and each impinging electron has ac- 
quired sufficient energy to release on the order of 3 to 4 secondary electrons 
from the dynode. These electrons are in turn accelerated to the second dynode 
and so forth, ultimately creating an avalanche of photoelectrons. After 10 stages 
of amplification, each initial electron has created on the order of 10 6 electrons, 
which, occurring over a period of a few nanoseconds, lead to an easily detectable 
current in the milliamp range. PMTs come in a wide range of shapes and sizes 
and also are available as multichannel and position sensitive models. Most PET 
scanners use round or square single-channel PMTs in the range of 1 to 5 cm in 
diameter. The advantages of PMTs are their high gain (amplification), which 
leads to high signal-to-noise pulses, their stability and ruggedness, and their fast 
response (the output pulse from a PMT rises in approximately a nanosecond for 
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a step function input of light into the PMT). The disadvantages are that they are 
quite bulky and fairly expensive. 

Solid state photodetectors 

An alternative to PMTs are photon detectors based on the silicon photodiode . 13 
A simple photodiode consists of a thin piece of silicon (typically a few hundred 
microns thick), which has been carefully doped with impurities to create a fa- 
vorable electric field profile in the material (Figure 1-11). A small voltage of 10 2 
to 10 3 V is applied across the silicon diode. When a scintillation light photon 
interacts in the silicon, it often has sufficient energy to liberate an electron from 
the lattice structure of the silicon. The vacancy it leaves behind, known as a hole, 
has the properties of a net positive charge. Under the applied electric field, the 
electron drifts towards the anode (positively charged electrode) and the hole 
drifts towards the cathode (negatively charged electrode), constituting an elec- 
tric current that can be measured. The quantum efficiency of photodiodes is ap- 
proximately 60% to 80%, providing a much more efficient conversion of pho- 
tons to electrons than is possible with PMTs. However, photodiodes have no 
internal gain, producing only one detected electron-hole pair per scintillation 
photon. This leads to a signal that is roughly 10 6 times weaker than a PMT sig- 
nal, reducing the signal-to-noise of the pulses and degrading the ability to de- 
termine the energy deposited in the scintillator. The low signal-to-noise also ne- 
cessitates the use of long integration times in the electronics, reducing the ability 
to time the arrival of the pulses (an important aspect for PET). Therefore, pho- 
todiodes are generally not suitable for use in PET. 



FIGURE 1-11. Schematic cross-section of a typical photodiode. Scintillation photons 
enter through the entrance window and have sufficient energy to liberate an electron- 
hole pair in the silicon. The electric field profile in the silicon moves the electrons and 
holes towards the anode and cathode, respectively, creating a current that can be meas- 
ured. Each light photon produces at most one electron, so the signal levels are very 
low. Avalanche photodiodes are very similar in structure, except the applied voltage 
is much higher, providing electrons with sufficient energy to create further electron- 
hole pairs in the silicon. Each light photon produces a signal of up to 10 2 to 10 3 elec- 
trons through this avalanche mechanism. 
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A modification of the photodiode leads to a device known as the avalanche 
photodiode (APD). 14 Here, the voltage applied across the photodiode is much 
higher and creates a situation where an electron gains enough energy between 
collisions in the silicon to release further electrons. This leads to an avalanche 
effect, similar to that seen in the photomultiplier tube. The gain in these devices 
critically depends on factors such as the applied voltage and temperature. Spe- 
cial care needs to be taken in the fabrication and operation of these devices to 
obtain stable results. However, gains of 10 2 to 10 3 are typical, yielding improved 
signal-to-noise over photodiodes. Once again, the quantum efficiency is in the 
60% to 80% range. When combined with the relatively high gain, this leads to 
roughly equivalent performance in terms of energy and timing performance 
compared with PMT-based detectors. APDs are now available both as single- 
channel units (ranging in size from 1 mm to over 2 cm in diameter) and as 
multi-element arrays. APDs allow for a more compact PET scanner design and 
may in the future replace PMTs as the photon detector of choice. 

Block detector 

The majority of dedicated PET scanners in use in the early part of the 21st 
century have detectors based on the block design proposed originally by Casey 
and Nutt. 15 A schematic of the block detector is shown in Figure 1-12. A rela- 
tively large block of scintillator material (typically 4X4 cm in area by 3 cm 
deep) is segmented into an array of smaller detector elements (typically 8 X 
8). The saw cuts are filled with a white reflective material that helps to opti- 
cally isolate individual elements within the block. The scintillator block is cou- 
pled to four single-channel PMTs. The depth of the saw cuts is empirically de- 
termined to share scintillation light in a linear fashion between the four PMTs 
as a function of the position of the annihilation photon interaction within the 
block. For example, if an annihilation photon interacts in the corner detector 
element, the deep cuts ensure that virtually all the scintillation light photons 
that are produced from the interaction end up in the PMT sitting directly un- 
derneath that element. Alternatively, an event interacting towards the middle 
of the block, where the cuts are shallower, results in a roughly equal spread of 
scintillation light among all four PMTs. By careful design of the depth of the 
cuts, and with sufficient scintillation light, interactions in each detector ele- 
ment will produce a unique distribution of scintillation light and, therefore, 
signals on the four PMTs. 

In practice, an X and Y coordinate is calculated for each annihilation pho- 
ton that interacts in the block detector based on: 

X = (S A + 5 b - 5 C - So) / (S A + S B + S c + S D ) (l-17a) 

and 

Y= (S A + S c - S B - So) / (S A + S B + S c + S D ) ft- 17b) 

where S A , S B , S c and S D are the four PMT signals shown in Figure 1-12. Fig- 
ure 1-13 shows the result of an experiment in which the surface of a block de- 
tector is uniformly irradiated with 511-keV annihilation photons with the 
event locations histogrammed into a two-dimensional (2-D) image based on 
the calculated X,Y locations. This real measurement shows considerable spa- 
tial distortions in the array of spots, which is due to the fact that it is not pos- 
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lator is segmented into an 8 X 8 array using a diamond saw. White reflective material 
is used in the saw cuts to optically isolate elements. Depth of the saw cuts determines 
the spread of scintillation light onto four single-channel photomultiplier tubes. By look- 
ing at the ratio of signals in the four PMTs, the detector element in which an annihi- 
lation photon interacted can be determined. (Reproduced with permission from Cherry 
SR, Sorenson JA, Phelps ME. Physics in Nuclear Medicine, W.B. Saunders, New York, 
2003.) 



FIGURE 1-13. Image resulting from flood irradiating 
the front surface of a block detector with 51 1 keV 
photons, applying Equation 1 -1 7 to the resulting PMT 
signals and displaying an image of a histogram of the 
X, Y signals. This measurement is known as a flood 
histogram. The individual detector elements in this 
8X8 detector module can be visualized (the edge 
crystals are hard to see, as they are binned at the ex- 
treme edges of the image). Each spot is of a finite 
size due to the limited number of scintillation light 
photons contributing to the signal used to calculate 
X and Y. (Reproduced with permission from Cherry 
SR, Sorenson JA, Phelps ME. Physics in Nuclear Med- 
icine, W.B. Saunders, New York, 2003.) 
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sible to design the cuts such that the response is completely linear across the 
whole detector face. Therefore, a lookup table is created from these flood his- 
tograms relating each calculated position X,Y to each of the 64 elements in the 
detector. It is also apparent that the spots are of a finite size and overlap to a 
certain degree. This is due to statistical fluctuations in the PMT signals used 
to calculate X,T, which in turn is caused by the limited number of scintilla- 
tion photons produced and subsequently detected after a 511-keV annihila- 
tion photon interacts in the detector. These fluctuations ultimately limit the 
size and number of detector elements that can be decoded using four PMTs. 
In the particular example shown in Figure 1-13, the 8X8 array of elements 
are visualized relatively clearly, but had the detector been segmented into a 
16 X 16 array of elements, it is highly unlikely that the individual elements 
could have been resolved from each other. 

The block detector is a very cost-effective approach to PET, as it allows on 
the order of 64 crystals to be decoded from just four PMTs. Because the pho- 
todetectors are one of the most expensive components of a PET scanner, this 
16:1 multiplexing is the key to developing PET scanners with thousands of de- 
tector elements at a reasonable cost. A large number of detector elements im- 
plies good solid angle coverage (improving the chances of detecting annihilation 
photon pairs that are being emitted in all directions). The block design also leads 
to detector elements that are smaller than the PMTs themselves. Smaller detec- 
tor elements allow gamma-ray interactions to be better localized leading to im- 
proved spatial resolution as well. The spatial resolution of the block detector 
is primarily determined by the width of the detector elements (assuming scin- 
tillation light is sufficient to resolve each of the elements). This width is com- 
monly 3 to 5 mm in current generation block detectors designed for clinical PET 
scanners. 

A further extension of the block detector design leads to the concept of 
quadrant sharing. 16 In this case, larger PMTs are used and each scintillation 
block is placed on the corner quadrants of four PMTs as shown in Figure 1- 
14. Four PMTs are still being used to decode each block, but each PMT now 
actually serves four different scintillator blocks. The block in which the inter- 
action occurs is determined by which four PMTs show a significant signal, and 
the location of the signal within the block is determined from Equation 1-17. 
This approach, when extended to large area detector panels, leads to almost 
another fourfold reduction in the number of PMTs required per detector el- 
ement, giving a total multiplexing approximately 64:1, and lower overall de- 
tector cost. Alternatively, this approach can be used to decode smaller detec- 
tor elements for the same sized photomultiplier tubes used in the original block 
detector. One drawback of the quadrant sharing approach is that it requires 
that blocks be structured into large planar panels and also that there is one 
half of a PMT width at each end of the panel which is not usable. This unus- 
able space results in relatively large gaps between panels when they are as- 
sembled in a hexagonal or octagonal geometry to form a scanner. Because the 
detector is no longer modular, repair and replacement is also more difficult. 
However, because of the dramatic cost-saving in this approach, it is being im- 
plemented in commercially available PET systems. PET scanners that use block 
detector and quadrant-sharing approaches are described in more detail in the 
PET System Design section (p. 107). 
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FIGURE 1-14. Concept of quadrant sharing that enables detector elements to be de- 
coded using a smaller number of larger diameter PM tubes. For a given detector ele- 
ment size, this approach can reduce the number of PM tubes by almost a factor of four 
if large panels are constructed. (Adapted with permission from Cherry SR, Sorenson JA, 
Phelps ME. Physics in Nuclear Medicine, W.B. Saunders, New York, 2003.) 

Continuous gamma camera detector 

The other major approach to constructing a PET detector is based on a large- 
area, continuous plate of Nal(Tl) scintillator coupled to a matrix of PMTs as 
shown in Figure 1-15. This detector is essentially the same that is used in con- 
ventional nuclear medicine gamma cameras, although when the detector is de- 
signed specifically for PET, a thicker crystal is used to provide sufficient effi- 
ciency at 511 keV. 17 The location of an interaction is determined by the 
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FIGURE 1-15. Photograph of a large-area Nal(TI) detector designed for PET applications. 
The scintillator plate is 50 cm long by 1 5 cm wide by 2.5 cm thick and is read by thirty, 
5-cm diameter PM tubes. Six of these detectors have been used in an hexagonal array to 
form a PET scanner. (Photograph courtesy of Dr. Joel Karp, University of Pennsylvania.) 



distribution of scintillation light among the PMTs (Figure 1-16), with the sig- 
nal from each PMT being digitized and then appropriately weighted such that 
the position determined from the PMT outputs is linearly related to the posi- 
tion of interaction. The position information provided from these detectors is 
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FIGURE 1-16. Schematic cross- 
section through a continuous 
gamma camera detector designed 
for 51 1 -keV annihilation photons. 
A thick continuous sheet of Nal(TI) 
scintillator is viewed by an array 
of PM tubes. The Nal(Tl) crystal is 
covered in reflective material on 
the sides and back to help direct 
more scintillation light towards 
the PM tubes and is hermetically 
sealed in a thin metal case, with a 
glass front window to allow scin- 
tillation light to reach the PM 
tubes. 
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continuous. The binning of the position data can be chosen to satisfy sam- 
pling criteria for image reconstruction (see Limitations of Filtered Back- 
projection, p. 80). This differs from the block detector in which position in- 
formation is determined by which individual detector element produces a 
signal. The block detector, therefore, produces discrete position information, 
with a sampling interval equal to the center-to-center spacing of the detector 
elements. 

The performance of continuous detectors critically depends on the number 
of scintillation photons detected, as this directly impacts the spatial resolution 
of the detector by determining the signal-to-noise of the PMT signals that are 
used to calculate the position of interaction on the detector face. Therefore, this 
approach has only been successfully used with very high light output scintilla- 
tors such as Nal(Tl). The thickness of the crystal (and, therefore, the efficiency 
for stopping 51 1-keV annihilation photons) is limited to approximately 25 mm, 
as the spatial resolution degrades with increasing crystal thickness. This is due 
to the fact that the scintillation light will spread over a larger area before reach- 
ing the PMTs, producing a lower amplitude signal across a larger number of 
PMTs. For a constant noise level in the PMTs and electronics, the signal-to-noise 
of the signals being used to calculate the position is therefore poorer and the po- 
sitioning accuracy is degraded. With a 10-mm thick Nal(Tl) crystal, it is possi- 
ble to achieve an intrinsic spatial resolution as high as ~3 mm; at 25 mm thick- 
ness this degrades to 4 to 5 mm (Dr. Joel Karp, unpublished observation). Special 
efforts must also be made with the electronics to allow this large-area detector 
to handle multiple events occuring in different parts of the detector at the same 
time. Otherwise, detector dead time (the time required to process an event be- 
fore another event can be properly recorded) becomes a limiting factor in over- 
all performance. 

These detectors generally are large flat plates (typically 30-50 cm in size). 
Significant deadspace occurs at the edges of the detectors due to the need to 
hermetically encapulsate Nal(Tl) which is highly hydroscopic. Furthermore, 
the edges of the scintillator plates yield poor spatial resolution due to alter- 
ation of the shape of the light distribution by scintillation light that interacts 
with the edges of the crystal. Curved Nal(Tl) scintillator plates have become 
available and allow for large-area PET detectors to be constructed as segments 
of a ring, although regions of poor spatial resolution and gaps in active de- 
tector area still remain at the interface between segments. A system for brain 
imaging has even been made from a single annular Nal(Tl) crystal, eliminat- 
ing deadspace completely. 18 However, this is a more expensive approach, and 
crystal failure would result in the loss of the entire system. More details on 
PET systems based on Nal(Tl) detectors can be found in PET System Design 
(p. 107). 

Other scintillation detectors 

Position-sensitive and multi-channel photomultiplier tubes 

Several research PET systems have been designed around multi-channel 
PMTs (MC-PMTs) and position-sensitive PMTs (PS-PMTs). MC-PMTs consist 
of an array of small, separate PMT channels within a single package. Position- 
sensitive PMTs have a segmented X and Y readout and are designed such that 




28 



PET: Molecular Imaging and Its Biological Applications 



the output signals are approximately linearly related to the position of the scin- 
tillation light that is incident on the photocathode. Both MC-PMTs and 
PS-PMTs could be used to replace the four single-channel PMTs in a block de- 
tector or to decode individual scintillator detector elements arranged into an ar- 
ray. Because of their compact size and the ability to provide positional infor- 
mation, these devices are often used to decode arrays with relatively large 
numbers of very small scintillator elements for high-resolution PET applica- 
tions. 19-21 Both MC-PMTs and PS-PMTs often have significant amounts of 
deadspace around their periphery, and, hence, they have sometimes been used 
with fiber optic coupling between the scintillator and the PMT to allow tight 
packing of detectors in a ring configuration. 22 As the cost of PS and MC-PMTs 
are quite high relative to single- channel PMTs, their use has been largely lim- 
ited to more specialized applications such as breast and animal imaging where 
a smaller number of detectors are required. 

Depth-encoding detectors 

The detectors described so far have all focused on determining the X, Y loca- 
tion of an interaction (the interaction location projected onto the front surface of 
the detector). This is fine for thin detectors; however, PET detectors typically re- 
quire a 2- to 3 -cm thickness of scintillator to achieve adequate efficiency. The de- 
tectors cannot be considered to be thin. The detectors discussed so far do not pro- 
vide any information on the depth of the interaction of the annihilation photons 
inside the scintillator. This uncertainty in depth of interaction leads to a loss of spa- 
tial resolution in PET images as demonstrated in Resolution: Coincidence Re- 
sponse Functions (p. 38). If the PET detector can determine the Zor depth coor- 
dinate of the interaction, this resolution degradation would be removed. This is 
an active area of research and many possible approaches have been proposed. Two 
methods have emerged that promise a certain degree of success and are now find- 
ing their way into PET scanner design (Figure 1-17). The first approach uses two 
layers of scintillator materials (known as a phoswich) to provide a two-level (top 
half, bottom half) depth encoding capability. 23,24 The scintillator materials are dif- 
ferentiated by their different decay times. The layer in which the interaction oc- 
curs can be simply determined by looking at the decay time of the pulses. The sec- 
ond approach places photodetectors at both ends of a scintillator array and uses 
the ratio of the signals between the two photodetectors to provide a measure of 
the depth of interaction. The photodetector at the far end must be thin and com- 
pact, both from a geometric standpoint, and also to minimize attenuation of the 
annihilation photons that must pass through this detector before reaching the scin- 
tillator. This approach has been studied extensively by Moses and colleagues 25 us- 
ing a PIN photodiode array at the far end of the scintillator array to identify the 
crystal of interaction. A single- channel PMT at the back of the scintillator array 
provides information about the energy of the event and the timing signal. The ra- 
tio of the photodiode and PMT signal provides the depth of interaction informa- 
tion. The surface treatment of the scintillator elements and the use of reflectors 
along the sides of the crystal are critical in determining the distribution of scintil- 
lation light to the two ends of the array and hence the success of this approach. 26 

Avalanche photodiodes 

Extensive research has been invested in the development and application of 
APDs (p. 21) for PET. Both single-channel APDs (up to about 15 mm in size) 
and arrays of smaller APDs are now available. An 8 X 8 array of APD elements 
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FIGURE 1-17. PET detectors with 
depth-encoding capability. A: Detec- 
tor is similar to the standard block de- 
tector but is made of two layers of 
scintillators that have different decay 
times. An interaction can be assigned 
to the top or bottom layer, depending 
on the decay time of the pulse that it 
generates. This provides one-level 
(top or bottom) depth of interaction in- 
formation. (Reproduced from Cherry 
SR, Sorenson JA, Phelps ME. Physics 
in Nuclear Medicine , 3rd ed, W.B. 
Saunders, New York, 2003, with per- 
mission from Elsevier). B: An array of 
scintillator elements has photodetec- 
tors at both ends. A silicon PIN pho- 
todiode is used to determine which 
crystal the interaction took place in, 
and the single-channel PMT at the 
back of the array is used to generate 
the fast timing signal necessary for PET 
and a high signal-to-noise measure of 
the deposited energy. The ratio of the 
signal in the photodiode and PMT 
gives an indication of the depth of in- 
teraction within the detector element. 25 
This provides continuous depth of in- 
teraction information but requires 
careful calibration of the depth infor- 
mation. Abbreviations: LSO, lutetium 
oxyorthosilicate. 





with a 1-mm center-to-center spacing is shown in Figure 1-18. The thin profile 
of these photodetectors encourages a number of new design possibilities, for ex- 
ample, multiple concentric rings of detectors, 27 or the use of APD arrays on both 
front and back surfaces of scintillator arrays. 28 Both these designs also provide 
depth of interaction information, in addition to identifying the detector element 
in which the interaction occured. APDs have been used successfully on a small 
scale in PET scanners for animals. 29,30 The stability and longterm reliability of 
APDs and the need for large numbers of channels of electronics have so far lim- 
ited their widespread use, although an increasing role is expected in the future. 

Other gamma ray detectors 

Scintillation detectors have been the dominant detector technology in PET, largely 
due to their high efficiency, robustness, and reasonable cost, particularly with the 
block and gamma camera approaches that require a relatively small number of 
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FIGURE 1-18. Photograph of 
an 8 X 8 avalanche photodi- 
ode photodetector array. Each 
pixel measures 1 X 1 mm 2 . 
(Photograph courtesy of Kanai 
Shah, Radiation Monitoring 
Devices Inc., Watertown, MA.) 



PMTs to read a large surface area of scintillator. However, other technologies have 
been, and are continuing to be, explored for possible applications in PET. 

Multiwire proportional chambers (MWPCs) have long been used in high-en- 
ergy physics as very cost effective detectors for covering large areas at high spatial 
resolution. These detectors consist of a chamber of gas with a set of finely spaced 
anode wires at high positive potential. Above and below the anode wire plane are 
cathode wires or strips held at ground potential that run in orthogonal directions. 
When the gas is ionized by a charged particle, the resulting electrons are attracted 
to the nearest anode wire and, because of the very high electric field close to the 
wire, an avalanche effect occurs, resulting in further ionization and a large signal. 
This in turn induces a charge on the nearest cathode strips, which provide infor- 
mation on the x and y position of the event. The fine spacing of the wires and the 
cathode strips allows very high spatial resolution to be achieved. For applications 
in PET, the incoming annihilation photons must first be converted into charged 
particles (electrons). This conversion can be achieved by making the cathode strips 
from thin layers of lead 31 or by using some form of converter such as a stack of 
thin lead sheets interlaced with insulating sheets that are then drilled with a fine 
matrix of holes. 32 Incoming annihilation photons can interact in the lead, eject- 
ing electrons which are then drifted to the anode wires for amplification and de- 
tection. Figure 1-19 illustrates the principles of such a detector. 

The problem for the application of MWPCs in PET has largely been achiev- 
ing sufficient efficiency in conjunction with difficulties in matching the count- 
ing-rate performance, timing resolution, and energy resolution of scintillation 
detectors. To improve efficiency, multiple MWPC units have been stacked on 
top of each other, but even so, the efficiency of these detectors is typically on 
the order of 1% to 2%, compared to the 30% to 90% efficiency typical of scin- 
tillation detectors at 511 keV. Some of this efficiency loss can however be com- 
pensated by the good solid angle coverage of these large area detectors when 
placed in a scanner configuration. A second approach to improving the effi- 
ciency of these detectors has been to replace the thin lead convertors with a sheet 
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FIGURE 1-19. Diagram showing cross-section through a multiwire proportional cham- 
ber (MWPC) detector for PET. The annihilation photon interacts in thin strips of lead, 
ejecting an electron into the gas which is accelerated by a high potential difference to 
the anode wires, creating an avalanche of electrons at the wire. This, in turn, induces 
a signal on the nearby cathode strips that are alternately arranged in the x and y di- 
rections to provide the x and y coordinates of the event. Multiple units can be stacked 
on top of each other to improve efficiency and provide depth of interaction informa- 
tion. 



or crystals of BaF 2 scintillator material. BaF 2 is one of the few scintillators that 
produces light as ultraviolet radiation (UV) that has sufficient energy to pho- 
toionize the gas tetrakis-dimethylamino-ethylene (TMAE). Incoming annihila- 
tion photons interact in the BaF 2 , and the subsequent scintillation light ionizes 
TMAE gas in the MWPC, with the position signal determined by the 
induced signal on cathode strips or wires as described previously. 33 While this 
improves efficiency, it still does not match the efficiency of BGO or lutetium 
oxyorthosilicate (LSO) scintillation detectors; the energy resolution and tim- 
ing resolution remain poor. Working PET systems based on MWPCs or 
MWPC/BaF 2 combinations have been developed for clinical studies, 34-36 
athough the most successful application to date has probably been in small an- 
imal imaging. 32,37 

Direct detection using semiconductor materials 

The approach of direct annihilation photon detection using semiconduc- 
tor materials has been relatively neglected but is likely to gain increasing at- 
tention in the future. The concept is to use the semiconductor material itself 
to directly detect the annihilation photons, thus eliminating the need for a scin- 
tillator. The detector would work like a standard silicon photodiode (Figure 
1-11); however, in this case the annihilation photons directly create the elec- 
tron-holes pairs. Silicon, although the most well- developed semiconductor ma- 
terial, has very poor efficiency at 511 keV and would not be the material of 
choice. Other semiconductor materials such as cadmium telluride (CdTe) or 
cadmium zinc telluride (CZT) have a stopping power that is similar to Nal(Tl) 
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at 5 1 1 keV and might be viable detector materials for PET. These materials are 
difficult to manufacture in bulk and are costly at this time. Achieving good en- 
ergy and timing resolution from the relatively thick pieces of material needed to 
provide reasonable efficiency is a challenge. The approach is attractive in that it 
eliminates the conversion stage represented by the scintillator. The signal pro- 
duced is very robust, as each 511-keV photon interaction will produce a large 
number of charge carriers (~-T0 5 ). Other, even more dense (and, therefore, bet- 
ter stopping power) semiconductors such as Pbl and TlBr exist, but these are in 
a fairly primitive stage of development and are mainly used as thin films at the 
present time. Should such materials become available in bulk at a reasonable 
price, they could be promising alternatives to scintillator-based detectors cur- 
rently in use for PET. 



DATA COLLECTION AND PET SYSTEM CONFIGURATIONS 

Coincidence detection 

In contrast to other nuclear imaging techniques, PET does not rely on absorptive 
collimation to determine the direction and location of the emitted photons. In- 
stead, a technique referred to as coincidence detection is used. A simple coincidence 
detection system is illustrated in Figure 1-20, which consists of a pair of radiation 
detectors with associated electronics (amplifiers, pulse height analyzers, high volt- 
age) and a coincidence circuit. If an annihilation occurs somewhere between two 
high-efficiency detectors, and the direction of the two 511-keV photons is such 
that each will have a chance to interact with one of the two detectors, it is very 
likely that a coincidence event will be recorded. Because all annihilation photons 
are emitted approximately 180° apart, a recorded coincidence indicates an anni- 
hilation occurred somewhere along the line (or more accurately, the volume) con- 
necting the two detectors. This line or volume from which the detector pair can 
detect coincidences usually is referred to as a line of response or LOR. To recon- 
struct a complete cross-sectional image of the object, data from a large number of 
these LORs are collected at different angles and radial offsets that cover the field 
of view of the system (Image Reconstruction, p. 70). 

The two detectors and associated circuitry should, under ideal circumstances, 
simultaneously generate the logic pulses necessary to generate a coincidence. 
However, due to stochastic processes in the emission of light in the scintillation 
detectors, a random time delay occurs in exactly when the detectors respond fol- 
lowing the absorption of the annihilation photons in the detectors. This uncer- 
tainty in response or time resolution depends on the characteristics of the de- 
tector, primarily scintillation decay time constant and light output (Scintillators, 
p. 17). Furthermore, small differences are noted in the arrival times of the two 
photons depending on the difference in the distance of the annihilation site to 
each detector (Annihilation, p. 5). To avoid missing coincidence events, the logic 
pulses must have a certain finite width to ensure that the pulses overlap despite 
the finite time resolution. Typically, the width of the logic pulses, r, should be 
at least as wide as the timing resolution of a pair of detectors (measured in 
FWHM). A typical timing resolution for a BGO- or NaI(Tl)-based PET detec- 
tor is approximately 5 to 6 nanoseconds FWHM, while for LSO it is approxi- 
mately 2 to 3 nanoseconds FWHM. It is important to keep the pulses as narrow 
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FIGURE 1-20. Diagram of a basic coincidence circuit. The two scintillation detectors 
with are connected to individual amplifiers (Amp) and pulse height analyzers (PHA). 
When a photon interacts in either of the detectors, the signals are amplified and ana- 
lyzed to determine if the energy is above a certain threshold. If the energy criterion is 
satisfied, a logic pulse is generated by the PHA. These pulses are fed into a coinci- 
dence module (Coinc), which determines if there is an overlap of two pulses from the 
individual channels. An overlap occurs if both pulses occur within a time period of 2r 
(e.g., they differ from each other in time by < r), where t is the width of the pulse. If 
this is the case, a coincidence has been detected and the coincidence circuit gener- 
ates a logic pulse that is fed into a counter for registration of the event. In a PET im- 
aging system, the memory location corresponding to the two detectors in which the 
interaction occurred is incremented by one. 



as possible to minimize the detection of events from unrelated decays that hap- 
pen to strike the detectors within the time window determined by the overlap 
of the two logic pulses (Types of Events, p. 35). 

PET camera: general concepts 

The two small detectors shown in Figure 1-20 would not make a very effective 
PET system. They would only detect annihilation photons from decays occur- 
ring in the volume between the detectors and the tiny fraction of those decays 
in which the annihilation photons are directed towards the detectors. A com- 
plete PET system (Figure 1-21) consists of a large number of detectors (e.g., 
block detectors) placed around the object to be imaged. The most common de- 
tector configuration of a PET system is the ring geometry. When referring to di- 
rections within the plane of the detector ring, the terms transverse or transaxial 
are used. When referring to directions perpendicular to this plane (along the di- 
rection of the patient bed), the term axial is used. It is also possible to use a 
smaller number of large-area position sensitive detectors in a polygonal arrange- 
ment (e.g., continuous detector panels). Both these geometries allow many dif- 
ferent LORs to be measured simultaneously and can sample an entire slice or 
cross-section of the object that is being imaged with little or no detector mo- 
tion. This feature is of particular importance if the system is to be used for rapid 
dynamic imaging of the distribution of radiolabeled tracers. 
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FIGURE 1-21. Schematics of four common PET scanner configurations. A: Stationary 
block ring system. B: Rotating block ring system. C: Stationary Nal(TI) system using six 
flat detectors. D: Stationary Nal(TI) system using curved continuous panels. 



Some lower cost PET systems are comprised of a partial ring of detectors, 
often two opposing detectors or detector plates. However, to acquire sufficient 
data to reconstruct a tomographic image, these detectors must be rotated around 
the object. 

To improve the overall detection efficiency in modern PET scanners, the de- 
tectors usually extend 15 cm or more in the axial direction. This can be accom- 
plished by stacking several rings of detectors next to each other or by having 
two-dimensional continuous detectors with large axial dimensions. Many slices 
of data can then be acquired simultaneously, ultimately producing a set of im- 
age slices that can be stacked into a 3-D image volume. 

In PET scanners based on large continuous detectors, each detector will be 
in coincidence with detector heads on the opposing side of the scanner (Figure 
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1-21). In PET systems constructed from block detectors, the number of possi- 
ble coincidence combinations is proportional to the square of the number of de- 
tector elements. It is, therefore, not practical to have a dedicated coincidence 
circuit for each possible detector pair. Instead, a large number of detectors are 
grouped together into detector banks or buckets 38,39 where each detector group 
will look for coincident events in one or more opposite detector groups. Fol- 
lowing the detection of a coincidence event, the electronics will then identify the 
detector elements (block detector) or detector locations (continuous detector) 
that produced the coincidence. The electronics will also check that the energy 
deposited in each detector is in the appropriate range for a 511-keV event. The 
energy window used is related to the energy resolution of the detector. A typi- 
cal PET scanner uses an energy window of 350 keV to 650 keV to be sure of in- 
cluding all 511-keV photons, while rejecting photons that have lost a substan- 
tial fraction of their initial energy by scattering in the body. 

Events that meet both the energy and timing criteria are then conveyed to 
the sorting hardware that writes the raw data in one of two ways: In list mode , 
each event is individually written to a file, with information about the two lo- 
cations at which the annihilation photons interacted and the time at which the 
event occurred. In histogram mode , a memory location is assigned to each pos- 
sible LOR, and each time a valid event is detected in that LOR, that memory lo- 
cation is incremented by 1. This provides the integrated number of events de- 
tected in each LOR and is frequently the most efficient manner to store the data, 
except for short duration acquisitions on cameras with very large numbers of 
LORs, where the average number of events per LOR < 1. List mode data are ad- 
vantageous for dynamic studies, as the events can be sorted into time “bins” af- 
ter the completion of the study. In histogram mode, the events are integrated 
over a time interval that must be specified prior to data acquisition. 

Types of events 

Under ideal circumstances, only true coincidences would be recorded, that is, 
only events where the two detected annihilation photons originate from the same 
radioactive decay and have not changed direction or lost any energy before be- 
ing detected. However, due to limitations of the detectors used in PET and the 
possible interaction of the 511-keV photons in the body before they reach the 
detector, the coincidences measured are contaminated with undesirable events, 
which includes random , scattered and multiple coincidences (Figure 1-22). All 
these events have a degrading effect on the measurement and need to be cor- 
rected to produce an image that represents as closely as possible the true ra- 
dioactivity concentration. Another point to consider is that the vast majority 
(typically 90% or more) of photons detected by the PET scanners are single 
events, in which only one of the two annihilation photons is registered. The part- 
ner photon may be on a trajectory such that it does not intersect a detector (most 
PET scanners provide relatively modest solid angle coverage around the object), 
or the photon may not deposit sufficient energy in a detector to be registered or 
may not interact at all. These single events are not accepted by the PET scanner, 
but they are responsible for random and multiple coincidence events (see be- 
low). Because they must still be processed by the electronics to see if they form 
part of a coincidence pair, they are the determining factor in issues related to 
detector dead time (Dead Time Correction, p. 67). 
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True Coincidence Scattered Coincidence 




FIGURE 1-22. Illustration of the four main coincidence event types. A: True coinci- 
dence. Both annihilation photons escape the body and are recorded by a pair of de- 
tectors. B: Scattered coincidence. One or both of the two annihilation photons inter- 
acts in the body prior to detection. This results in a mispositioning of the event. C: 
Random coincidence: A coincidence is generated by two photons originating from two 
separate annihilations. These events form a background in the data that needs to be 
subtracted. D: Multiple coincidence: Three or more photons are detected simultane- 
ously. Due to the ambiguity of where to position the events, these normally are dis- 
carded. (Reprinted from Physics in Nuclear Medicine, 2nd ed, Cherry SR, Sorenson JA, 
Phelps ME, W.B. Saunders, New York 1986, with permission from Elsevier.) 



Accidental coincidences 

When positron annihilation occurs, the two 511-keV photons are emitted 
simultaneously. Therefore, the detectors should ideally respond simultaneously. 
Because of the finite time resolution of the detectors, as discussed earlier, sig- 
nals must be accepted if they occur within a certain finite time interval or tim- 
ing window. Because of the finite width of the timing window, it is possibile that 
two unrelated single annihilation photons can be detected and registered as a 
valid coincidence. These unrelated events are referred to as accidental or random 
events. Because the random events are produced by photons emitted from un- 
related isotope decays, they do not carry any spatial information about the ac- 
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tivity distribution and produce an undesired background in the final images. If 
the individual photon detection rates (counts per second) in a pair of detectors 
are given by N\ and N 2 , then it can be shown that the rate of random coinci- 
dences, N r (randoms per second) is given by: 

Nr - 2 tNj N 2 (1-18) 

where r is the width of the logic pulses produced when a photon is absorbed in 
the detector. The term 2r is often referred to as the coincidence timing window. 
Because the individual detection rates N\ and N 2 are directly proportional to the 
activity in the field of view of the scanner, the rate of random coincidences is 
proportional to the square of the activity in the field of view. The randoms rate 
is directly proportional to the coincidence timing window, which is why it is im- 
portant not to make this any wider than required by the timing uncertainties in 
true coincidence events. 



EXAMPLE 1-8 

Two detectors register a counting rate of 100,000 counts per second 
each when operating independently. What would the rate of random 
events be if they were placed in coincidence, and if the logic pulse width 
generated by each detector had a width of 6 nanoseconds? 

ANSWER 

From Equation 1-18, the randoms rate would be: 

Nr — 2 X (6 X IQ -1 *) X (100,000) 2 = 120 random events per second 

Scattered coincidences 

Scattered coincidences are another type of background event in need of 
correction. These events are in essence true coincidences, but one or both of 
the two annihilation photons has undergone a Compton scatter interaction 
and changed direction before they reach the detector pair. Using the coinci- 
dence detection technique, it is assumed that all detected coincidence events 
originate from an annihilation which, in turn, originates from a position any- 
where on a line connecting the detector pairs. Because of the change in direc- 
tion of the photon(s) in a scattered event, this is not true and the event is as- 
signed to the incorrect LOR. If not corrected, the scattered events produce a 
low spatial frequency background that reduces contrast. The distribution of 
scattered events depends on the distribution of the radioactivity and the shape 
of the scattering medium (i.e., the patient). As will be discussed later, this is 
probably the most difficult correction to perform in PET. The fraction of scat- 
tered events detected can range from 15% to well over 50% in typical PET 
studies, depending on the size of the object and the geometry and energy res- 
olution of the PET scanner. 

Multiple coincidences 

Although only two detectors are required to be activated within the coinci- 
dence time window to register a valid coincidence, at high count-rates it is pos- 
sible that three or more detectors are involved. In this case, it becomes am- 
biguous where the event should be positioned. Because of this ambiguity, these 
multiple coincidences normally are discarded. However, they can contain in- 
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formation about the quantity and spatial location of positron emissions because 
these events are often composed of a true coincidence together with a single pho- 
ton from an unrelated decay. In this situation, up to three possible LORs can 
intersect the field of view, only one of which will be correct. In some circum- 
stances, it may be better to randomly select one of the possible LORs rather than 
completely discarding the event. 

Prompt coincidences 

The total number of events detected by the coincidence circuit in a PET scan- 
ner are referred to as prompt coincidences. These events consist of true, scat- 
tered, and accidental coincidences where the true coincidences are the only ones 
that carry spatial information regarding the distribution of the radiotracer. It is, 
therefore, necessary to estimate what fraction of the measured prompt coinci- 
dences arise from scattered and accidental coincidences for each of the LORs. 
The contribution of scattered and accidental coincidences is then subtracted 
from the prompt coincidences to yield the net true coincidence rate for each 
measured LOR. Because both the scattered and accidental events are, in general, 
estimates, the accuracy of these estimates will affect the accuracy of the net cal- 
culated true coincidence rate. Any statistical or systematic noise in these esti- 
mates will also propagate into the net true coincidence rate. 

Resolution: coincidence response functions 

As discussed in Positron Range and Noncolinearity (p. 9) an ultimate resolution 
limit can be achieved in PET due to the physics of the positron decay. In addi- 
tion to this limit, the design and properties of the detector used in the PET scan- 
ner, and the system geometry, will also contribute to the final image resolution. 
The intrinsic detector resolution can be divided into two main components: 
geometric and physical. The geometric component can be seen as the best pos- 
sible resolution that can be attained for a particular design using a scintillation 
material with ideal detection properties (e.g., 100% detection efficiency). The 
physical component is caused by nonideal properties of the detectors (e.g., de- 
tector scatter, light sharing, cross-talk, and so on). 

For a pair of discrete detectors, such as the detector elements in a block de- 
tector, the geometric resolution at the mid-point between the detector pair, can 
be described by a triangular shaped coincidence response function (Figure 1-23A) 
where the FWHM equals one half the detector width. This response function 
can be obtained by considering how many coincidence events would be detected 
as a small source is moved across the detector face. At any position close to ei- 
ther of the two detectors the response function changes and becomes trapezoidal 
in shape and eventually becomes a square function at the front surface of the 
detector. The intrinsic resolution in these types of detectors is therefore strongly 
influenced by the width of the detector elements. 

In continuous detector systems, the intrinsic spatial resolution of the detec- 
tor is largely determined by the number of scintillation photons available for de- 
termining the position of the event, not by geometric factors. The same types of 
physical components listed above, also contribute to the intrinsic spatial reso- 
lution. The intrinsic spatial resolution of a continuous detector can typically be 
approximated by a Gaussian with a particular FWHM. If this is the case, then it 
can be shown that the coincidence response function at the midpoint between 
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INTRINSIC RESOLUTION 
FWHM = w 



a) DISCRETE b) CONTINUOUS 

DETECTORS DETECTORS 

FIGURE 1-23. A: Geometric spatial resolution as a point source is moved between two 
discrete detectors. At the center of the field of view, the coincidence response func- 
tion has a triangular shape with a FWHM equal to half the detector width w. As the 
source is moved towards one of the detectors, the coincidence response function be- 
comes trapezoidal in shape and the FWHM increases linearly with the distance from 
the center of the field of view. B: Coincidence response function for a pair of contin- 
uous detectors, each with an intrinsic spatial resolution described by a Gaussian with 
a FWHM = w. The coincidence response function at the center of the field of view is 
w/V2, increasing to wat the detector face. (Reproduced with permission from Cherry 
SR, Sorenson JA, Phelps ME. Physics in Nuclear Medicine, W.B. Saunders, New York, 
2003 .) 
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FIGURE 1-24. Comparison of the FWHM of the coincidence response function for dis- 
crete and continuous detectors with w— 1 (as defined in Figure 1-23) as a function of 
source position (offset) relative to the two detectors. A source offset of 0 corresponds 
to a source located exactly halfway between the detectors. 



the detector pair is equal to the individual detector resolution FWHM/V2. For 
locations closer to one detector or another, the FWHM resolution will increase 
and at one detector face will eventually become equal to the intrinsic resolution 
of the individual detectors (Figure 1-23B). Figure 1-24 shows the change in the 
FWHM of the coincidence response function for discrete detectors and contin- 
uous detectors as a function of the source location. 

The thick scintillation detectors used for PET imaging (typically 2-3 cm) 
lead to another geometric effect that degrades spatial resolution. This effect, 
which is referred to as detector parallax or the depth of interaction effect, is caused 
by the fact that the annihilation photons can interact at any depth in the scin- 
tillator material. Consider a ring geometry scanner consisting of either discrete 
or continuous detectors (Figure 1-21, top left or bottom right). At the center of 
the field of view, all emitted photons will enter the detectors perpendicular to 
the detector face. However, when a source is located with a radial offset, the de- 
tectors are angled with respect to the line of response and the annihilation pho- 
tons may penetrate through the first detector they encounter and be detected in 
an adjacent detector as shown in Figure 1-25. There are two consequences of 
this effect. The coincidence response function becomes broader (because the de- 
tectors are at an angle and present a larger area to the line of response) and the 
event is also mispositioned towards the center of the scanner with respect to the 
line joining the two detectors of interaction. The amount of broadening depends 
on the width and thickness of the scintillator elements, the absorption charac- 
teristics of the scintillator material, and the separation of the detectors. It results 
in a worsening in the radial component of the spatial resolution of PET images 
as you move away form the center of the field of view. This can be a significant 
effect in small-diameter PET scanners that use thick scintillation detectors. This 
effect could be reduced if the depth of the interaction in the detector could be 
measured, which would allow a correct placement of the event (Other Scintilla- 
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FIGURE 1-25. In a ring geometry scanner, 
the point spread function becomes asym- 
metrical with increasing radial offsets due to 
detector penetration and the lack of infor- 
mation regarding the depth of interaction 
within the crystal. The result is a widening 
of the point spread function (degrading spa- 
tial resolution) and mispositioning of events 
towards the center of the field of view. The 
severity of these effects depends on detector 
ring diameter, detector depth, and the de- 
tector material. 



.o 

o 




Radial Resolution 



tion Detectors, p. 27). PET scanners based on a polygonal geometry (Figure 
1-21, bottom left) also suffer from these detector parallax effects, although the 
degradation in resolution is spread fairly uniformly across the entire field of view 
rather than being concentrated towards the peripheral field of view. These ef- 
fects occur because for all source locations (even at the center of the field of 
view), annihilation photons enter the detectors with a range of angles with re- 
spect to the detector face. 

The final system resolution for a particular system design is a convolution 
of all the resolution response functions, including the positron range, photon 
noncolinearity, geometric factors, intrinsic spatial resolution (for continuous de- 
tectors), and physical factors. In addition, insufficient sampling of lines of re- 
sponse through the object can degrade the resolution in the final reconstructed 
image (Limitations of Filtered Backprojection, p. 80). 



EXAMPLE 1-9 

Assuming that detector resolution, positron range, and photon non- 
colinearity can be approximated by Gaussian functions, calculate the 
system resolution at the center of the field of view for a clinical PET 
scanner with an 80- cm diameter and 6- mm discrete detector elements 
when imaging a 18 F-labeled radio pharmaceutical. 

ANSWER 

From Figure 1-23 the intrinsic detector resolution, Ki llL> at the center 
of the field of view of the scanner is: 

R[ ni — 6 mm/2 = 3 mm 

From Equation 1-10, the blurring due to photon noncolinearity, A no is: 
Ajk = 0.0022 X 800 - 1.76 mm 
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From Figure 1 -5> the blurring due to the positron range of 18 F, A pos> 
has a FWHM of 0.102 mm. 

The convolution of multiple Gaussian functions is another Gauss- 
ian with a FWHM given by adding the individual component FWHMs 
in quadrature. The system resolution, f? sys , is therefore: 

» VrT + ^ = V 32 + K76 2 + 0.1G2 2 - 3.48 mm 



Sensitivity: detector and geometric efficiencies 

One of the most important factors in designing a PET system is to maximize the 
system sensitivity , since this will be a major determinant of final image quality. The 
more coincidence events that can be detected and used to form the image, the bet- 
ter. The number of events collected is dictated by the amount of radioactivity in- 
jected, the fraction of the injected activity that reaches the tissues of interest, the 
imaging time, and the sensitivity of the PET system. Practical limits are set for the 
amount of radioactivity that can be administered and on the imaging time. Thus, 
system sensitivity is a key factor in obtaining high-quality images. The system sen- 
sitivity is defined as the number of events (in counts per second) detected per unit 
of radioactive concentration (cps/Bq/ml) in a specific phantom. It is sometimes 
also expressed as the fraction of radioactive decays that produce a valid coinci- 
dence event (cps/Bq). The system sensitivity is a product of several factors, which 
include the efficiency of the detectors at 511 keV, the solid angle coverage of the 
detectors, the location of the radioactivity with respect to the detectors, and the 
timing and energy windows applied to the data. 

The detection efficiency s, of an individual detector is given by the product 
of the detection probability of the incoming photon in the detector volume and 
the fraction of these events, d>, that fall within the selected energy window (typ- 
ically set at 350-650 keV). The energy window helps to reduce the influence of 
scattered events by only accepting events that deposit energy close to 5 1 1 keV 
(e.g., photopeak events). The efficiency is: 

s = (1 - e - ^) X O (1-19) 

where ijl is the attenuation coefficient of the detector material (Table 1-4), and 
d is the thickness of the detector. A valid event requires that both photons be 
detected in opposing detectors and be within the appropriate energy range. The 
coincidence detection efficiency is, therefore, given by the square of Equation 1-19: 

s 2 = ( 1 - e - ^) 2 X O 2 (1-20) 

The geometric efficiency of the system is determined by the overall solid angle 
(f!) coverage of the detectors with respect to the source location and the pack- 
ing fraction. The solid angle subtended by the detectors of a circular system for 
a point source placed at the center is given by: 

£1 = 4 77 sin [tan -1 (A/D)] (1-21) 

where D is the diameter of the detector ring. For a PET scanner consisting of a 
single ring of detector elements, A is just the height of the detector in the axial 
direction. For scanners consisting of multiple detector rings (e.g., a ring or rings 
of block detectors) or continuous detectors, A depends on the maximum ac- 
ceptance angle over which data will be collected. This is discussed further in the 
next two sections in this chapter. 
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In the manufacturing of the detectors in a PET system using discrete detec- 
tor elements or block detectors, a small gap is always between the detector ele- 
ments due to the need for reflective material on the detector walls and/or de- 
tector encapsulation. This dead space will produce a reduction in the overall 
efficiency and is referred to as the packing fraction (cp). The packing fraction is 
the ratio of the detector element area (width of detector element by axial height 
of detector element) to the total surface area, including the dead space: 



_ width X height 

^ ( width + deadspace ) X ( height + deadspace) 



( 1 - 22 ) 



The overall system sensitivity, 77 , for a point source placed at the center of a 
ring scanner is the product of the square of the detection efficiency s and the 
geometric efficiency cp X CL. Expressed as a percentage, it is given by: 



77 = 100 X 



s 2 cpCl 

477 



(1-23) 



Notice that s is squared as a result of the coincidence detection. Because of this, 
a small reduction in s, due to either a reduction in the thickness of the scintil- 
lator or a tighter energy window, will produce a significant loss in the overall 
sensitivity, cp appears as a linear term because of the angular correlation of the 
two photons; however, this is only an approximation and the true contribution 
of packing fraction losses is position and geometry dependent. For a distributed 
source, the expression becomes more complex due to variations in both the geo- 
metric and detection efficiencies across the field of view (FOV). 



EXAMPLE 1-10 

Compute the overall system sensitivity for a central point source in a 
PET scanner consisting of a single ring of BGO crystals if the ring di- 
ameter is BO cm and the detector elements measure 4.9 mm in. width 
(transaxial) by 6 mm in height (axial) by 30 mm deep. Assume the 
window fraction is 80%. Assume further that the dimensions for each 
detector element include a 0.2 5 -mm thick layer of reflector all around 
the crystal, such that the actual size of the BGO elements Is 4.4 mm X 
5.5 mm in cross-section. 

ANSWER 

From Equation 1-19, and using the linear attenuation coefficient for 
BGO in Table 1-4, the detection efficiency is: 

s = (i - e ~ (a96x3) ) X 0.8 = 0.755 
From Equation 1-21, the geometric efficiency is: 

ft = 4 77 sin [tan -1 (0,6/80)] = 0.094 
The packing fraction is given by Equation 1 -22 as: 

<p = {4.4 X 5.5) -s- (4.9 X 6) = 0.673 
The overall system sensitivity, from Equation 1-23, is: 

77 = 100 X 0.755 2 X 0.094 X 0.673 / 477 = 0,287% 
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This example demonstrates the low sensitivity of a single-slice PET 
scanner, even when a complete ring of detectors surrounds the patient 
and high -efficiency detectors are used* In this situation, the geometric 
efficiency is the limiting factor* 



Data representation — the sinogram 

Consider a simple PET system consisting of 32 individual detectors in a ring, 
scanning an object with a 2-D distribution of radioactivity denoted by a(x,y) 
(Figure 1-26). The raw data, which consists of the detection of annihilation pho- 
ton pairs, usually is histogrammed into a 2-D matrix, where each element in the 
matrix corresponds to the number of events recorded by a particular pair of de- 
tectors (or along a specific line of response). The matrix is arranged such that 
each row represents parallel line integrals or a projection of the activity at a par- 
ticular angle </>. Each column represents the radial offset from the center of the 
scanner, r. The relationship that relates which elements in this matrix (r,4>) 
record data from radioactivity in the object at location (x,y) is given by: 

r = x cos0 + y sin</> (1-24) 

This 2-D matrix s(r, 4> ) is known as a sinogram because a point source at a loca- 
tion (x,y) traces a sinusoidal path in the matrix as given by Equation 1-24. The 
mapping of detector pairs into a sinogram is shown in Figure 1-27. In practice, 
as Figure 1-27 demonstrates, the data in each row do not come from a single 
angular view but rather from two adjacent angles that are interleaved together. 
The samples from the second angle fall exactly half way between those from the 
first angle. For typical PET scanner geometry, this leads to projection views that 




FIGURE 1-26. Imaging geometry for a 
single-slice PET scanner consisting of 
32 detectors. The relationship between 
the (x,y) coordinate system of the ob- 
ject and the (r,4>) coordinate system in 
which PET data are commonly stored is 
also shown. 
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FIGURE 1-27. Formation of a sinogram based on the 32 detector PET system in Fig- 
ure 1-26. The annihilation event shown in Figure 1-26 would be binned into the high- 
lighted element in the sinogram. Each row in the sinogram corresponds to a projec- 
tion of the radioactivity within the object at a specific angle <£. The angles in a sinogram 
extend over 180°, the other 180° is redundant as the data are based on pairs of de- 
tectors. 



closely approximate parallel lines, particularly at the center of the scanner where 
the patient is located. This small rearrangement of the data from the strict def- 
inition results in twice the sampling near the center of the scanner, at the ex- 
pense of reducing the number of angular samples by a factor of 2. This re- 
arrangement helps produce data that are more appropriately sampled for image 
reconstruction (Image Reconstruction, p. 70). Figure 1-28 shows the sinogram 
that would be obtained from a simple cylindrical object containing two smaller 
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OBJECT SINOGRAM 

FIGURE 1-28. A simple object and the sinogram (simulation) that would result from 
taking projection views over 180° around this object. (Data courtesy of Dr. Andrew 
Goertzen. Reproduced with permission from Cherry SR, Sorenson JA, Phelps ME. 
Physics in Nuclear Medicine, W.B. Saunders, New York, 2003.) 



regions with different radioactivity concentrations. Notice how these regions 
with different radioactivity uptake trace a sinusoidal path in the sinogram. 



EXAMPLE 1-11 

What locations in object space will contribute data to a sinogram ele- 
ment at angle 30° and which is offset at a distance 6 cm from the cen- 
ter of the scanner? 



ANSWER 

From Equation 1 -24* we get: 

6 — x cos 30° + y sin 3Q C 
0.866 x + 0.5 y = 6 
jc - 6,93 - 0.5 By 

This is the equation for a line, and all (x,y) locations that satisfy the 
equation and lie along the line can contribute data to this particular 
sinogram element. 



Two-dimensional data acquisition 

In the first generation of multiring PET systems, coincidences were only recorded 
in direct and cross planes, where a direct plane is defined as coincidences between 
detector elements within the same detector ring and a cross plane are the aver- 
age of coincidences recorded between detectors in two adjacent detector rings 
(Figure 1-29A). Collecting coincidences this way allows an improvement in ax- 
ial sampling because the events collected by the cross planes originate primarily 
from the volume between the direct planes. Thus, in a system built up of N de- 
tector rings, N direct planes and N — 1 cross planes can be defined, resulting in 
a total of 2N — 1 coincidence planes. Thin tungsten shields, known as septa , were 
used between detector rings to absorb annihilation photons incident at larger 
angles, thus reducing the overall count rates on the detectors to decrease the 
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A. 



B. 




cross planes 





cross plane 




high-sensitivity 
direct plane 




C. 3D data acquisition 

FIGURE 1-29. Axial section through a multiring PET scanner showing 2-D and 3-D 
sinogram definitions: A) standard 2-D direct and cross-plane definitions, B) high sen- 
sitivity 2-D direct and cross-plane definitions used in many scanners, and C) full 3-D 
data acquisition. 
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likelihood of random coincidences and also to help absorb photons that had 
scattered in the body. This mode of operation is commonly referred to as 2-D 
data acquisition because the data collection is restricted to a set of almost paral- 
lel 2-D planes. 

Newer, higher resolution PET systems are using smaller detector elements. 
In these scanners, direct and cross-plane definitions are still used, but because 
of the low sensitivity of each pure direct and cross plane, additional coincidence 
planes are accepted in which the detector pairs are separated by up to 5 to 6 de- 
tector rings (Figure 1-29B). This increases the azimuthal angle over which events 
will be allowed, also known as the acceptance angle. In terms of Equation 1-21, 
summing these coincidence planes increases the effective value of A, leading to 
higher sensitivity than would be achieved with the original definition of direct 
and cross planes. The drawback of this method is that the axial resolution at the 
edge of the FOV is significantly degraded due to the geometric divergence of the 
lines of response that are contributing to a particular image plane. There are also 
shadowing effects that come from the septa. 40,41 In addition, the axial sensitiv- 
ity drops off rapidly at the edge of the axial FOV because no additional cross- 
plane combinations can be added to the planes at the axial extremes. 

In 2-D data acquisition, the data from the selected coincidence planes are 
averaged to produce a set of 2N — 1 parallel sinograms, each of which can be 
used to reconstruct a cross-sectional image. Methods for reconstructing these 
sinograms will be discussed in Image Reconstruction (p. 70). 

Three-dimensional data acquisition 

The sensitivity of the PET system can be further improved by defining additional 
coincidence plane combinations, where the ring difference extends well beyond 
that used in 2-D data acquisition (Figure 1-29C). This requires the removal of 
the tungsten septa that would otherwise block these oblique lines of repsonse. 
To avoid unacceptable resolution losses at off-center positions, these oblique co- 
incidence planes are now stored in separate sinograms, with an associated az- 
imuthal angle. This leads to N 2 sinograms for an N-ring PET scanner. Because 
the coincidence planes are no longer only limited to parallel planes, this acqui- 
sition mode is referred to as 3-D data acquisition. Since the data are acquired in 
a 3-D manner, an appropriate 3-D algorithm has to be used to reconstruct the 
images (Three-Dimensional Analytic Reconstruction, p. 82). 

The 3-D acquisition mode provides a dramatic improvement in sensitivity 
(typically a factor of X 5 to X7) compared to 2-D acquisition, 42,43 as A in Equa- 
tion 1-21 now corresponds to the entire axial length of the scanner. This addi- 
tional sensitivity can be used to improve signal-to-noise in PET images, reduce 
imaging time, or to reduce the amount of radioactivity that is injected. The sen- 
sitivity increase is not uniform across the field of view. The sensitivity profile for 
3-D data acquisition is triangular in shape in the axial direction as shown in Fig- 
ure 1-30. At the axial extremes of the field of view, the sensitivity is equivalent 
to that of 2-D data acquisition. The wide-open geometry of 3-D acquisition and 
lack of interplane septa results in a three- to fourfold increase in the fraction of 
scattered events detected. Furthermore, noise due to the subtraction of random 
coincidences becomes a problem at lower activity concentrations than in 2-D 
because each detector sees more of the radioactivity in the body and, therefore, 
has a higher singles event rate. This leads to further challenges in accurately cor- 
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FIGURE 1-30. Measured sensitivity 
profiles along the axis of a multiring 
PET scanner in 2-D mode (corre- 
sponding to B in Figure 1 -29) and 3- 
D mode (corresponding to C in Fig- 
ure 1-29). In 3-D mode, sensitivity 
peaks at the center of the axial field 
of view. At the extreme edges of the 
axial field of view, 2-D and 3-D sen- 
sitivity are equivalent. 



2D Axial Sensitivity 




3D Axial Sensitivity 




recting data for random and scattered coincidences and can result in relatively 
poor image quality when large amounts of activity are present in the field of 
view, for example, when imaging over the bladder region. Many radiotracers are 
excreted through the kidneys and a significant fraction of the injected activity 
can end up in the bladder. 

As a consequence of the improved sensitivity of the 3-D acquisition mode, 
the size of the raw data sets also is increased. This presents an additional chal- 
lenge in handling the data from the initial collection of the data to the final 
archiving. As an example, the complete, uncompressed, 3-D data set from a high- 
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resolution clinical PET system can be more than 100 Mbytes. With the constant 
improvement in computing power and data storage, this size may not be a lim- 
itation in the near future, but with present technology a data set of this size poses 
significant challenges. Due to the relatively high-noise levels in the raw data, con- 
ventional loss less compression techniques are relatively inefficient in produc- 
ing significant compression ratios. To produce a more significant reduction in 
the data sizes, a technique sometimes referred to as angular mashing is used. In 
the method, adjacent angles (projection angles within each sinogram and/or the 
oblique azimuthal angle) are simply added together to produce the compres- 
sion. This is similar to the averaging used in high-sensitivity 2-D data acquisi- 
tion shown in Figure 1-29B. Using this technique, the 3-D data sets can be re- 
duced to a more managable size of about 20 Mbytes. Because projection angles 
are added together, this method does produce a loss in both in-plane and axial 
resolution at off-center positions. 



EXAMPLE 1-12 

For the same scanner described in Problem 1- 10, estimate the system 
sensitivity at the center of the field of view if there are 16 rings of BGO 
detectors and the scanner is operated with 3-D data acquisition, 

ANSWER 

The detector efficiency and packing fraction are the same as in Prob- 
lem 1-10. The geometric efficiency is now given bv Equation 1-21: 

H — 4 7 7 sin (tan^ 1 (A/D)) — 4 tt sin (tan -1 (6 X 16 / 800)} = L5Q 

The sensitivity Equation 1-23 is therefore: 

17 = 100 X ((0.755) 2 X 0,673 X 1.50) / 4 tt = 4.57% 

The result for 2-D acquisition in Problem 1-10 was 0.29%. This prob- 
lem shows the dramatic increase in sensitivity at the center of the scan- 
ner for 3-D data acquisition compared with 2-D data acquisition. 



Data acquisition protocols 

The end point in most PET studies is to produce an image, from which diag- 
nostic or quantitative parameters can be derived. These parameters can be as 
simple as a qualitative comparison of activity concentration in different tissue 
regions or more complex biologic parameters such as metabolic rate, receptor 
density, or levels of gene expression. The information that is to be extracted from 
the image will dictate how the PET data are collected (i.e., static or dynamic 
sequence). 

The most basic data acquisition protocol in PET is the collection of a single 
data set or static frame over a fixed length of time. The image reconstructed from 
such a data set represents the average tissue activity concentration during the 
acquisition. This is the typical acquisition mode used in studies where the tis- 
sue activity distribution remains relatively static during the collection of the data. 
An example where this acquisition mode is commonly used is for 2-deoxy-2- 
[F-18]fluro-D-glucose (FDG) studies, where the tracer concentration remains 
fairly stable following an initial uptake period of 30 to 40 minutes. In these types 
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of studies, the biologic parameter of interest (in this case the metabolic rate for 
glucose) is then assumed to be directly proportional to the measured activity 
concentration. A detailed discussion on the assumptions inherent in this ap- 
proach can be found in Chapter 2. 

For some radiotracers, it is necessary to follow the dynamic changes in con- 
centration to extract a particular parameter of interest. In these studies, the data 
are collected as a sequence of dynamic time frames, where the PET images pro- 
vide information about the changes in activity concentration distribution over 
time. This information represents the tissue response to the time course of the 
radiotracer in the plasma following intravenous injection. The tissue time- 
activity curve can then be processed with a compartmental model to determine 
the parameters of interest (Chapter 2). These types of studies typically also re- 
quire additional data such as the plasma radioactivity concentration and the 
plasma concentration of labeled metabolites, which can be determined from 
blood samples. An example of a dynamic study is shown in Figure 1-31. 

The dynamic acquisition mode also is used in studies where the tissue ra- 
diotracer concentration remains constant (e.g., FDG brain scans), but the pa- 
tient has to remain motionless in the scanner for an extended period of time. 
By collecting the data in a dynamic sequence (e.g., multiple 5-min frames), it is 
possible to determine if the subject moved during the acquisition and allow re- 
moval, or realignment of frames, when the subject moved. 44 

Most PET systems have a relatively narrow axial field of view that limits the 
coverage to a single organ (e.g., the brain, heart, kidneys, and so on). To cover 
a larger extent of the body, the acquisition has to be performed in a series of 
steps in which the patient is moved through the scanner (Figure 1-32). To min- 
imize the amount of patient motion, these scans are typically limited to 30 to 40 
minutes. The main challenge in these whole-body scans is to collect enough 
counts in both the emission and transmission (see Attenuation Correction, 
p. 56) scans in this time frame to produce images of diagnostic quality, without 
excessive noise levels. The problem of noise contamination from the attenua- 
tion correction using short transmission scans has been greatly reduced through 
the development of fast and accurate image segmentation algorithms. 45-47 Also, 
initial results from clinical PET scanners that are based on fast LSO detectors 
demonstrate the possibility of acquiring whole-body images in as little as 5 to 
10 minutes. In many cases, the relatively high statistical noise originating from 
the emission data requires that the images be reconstructed using iterative al- 
gorithms (see Iterative Reconstruction Methods, p. 86). Although these algo- 
rithms tend to be computationally expensive, improvements in both accelera- 
tion techniques and a constant improvement in computing hardware, now allow 
routine reconstruction of high-quality, whole-body PET images in clinically ac- 
ceptable times. 48,49 



DATA CORRECTION 

To produce an image volume in which each voxel value represents the true tis- 
sue activity concentration, a number of corrections need to be applied to the 
raw sinogram data. These corrections are typically applied to the sinograms as 
a series of multiplicative factors prior to image reconstruction. 
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FIGURE 1-32. To obtain a whole-body PET image, the body has to be imaged in segments. To achieve this, the patient bed 
is moved in steps through the scanner. At each discrete bed position, a scan is acquired. The data collected at each bed 
position are reconstructed and assembled into a whole-body volume which can be reoriented into coronal, sagittal, and 
transaxial images as shown on the right. 
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Normalization 

Nonuniformities in individual detector efficiencies (physical dimensions), geo- 
metrical variations, and detector electronics (e.g., energy thresholds) all con- 
tribute to variations in coincidence detection efficiency between different LORs 
(i.e., pairs of detector elements) in the system. The normalization corrects each 
individual LOR, with a multiplication factor that compensates for these nonuni- 
formities. Figure 1-33 illustrates the effect of normalization on the images from 
a scan of a uniform cylinder, acquired in 2-D mode. This figure illustrates that 
the normalization is not only a correction on the individual sinogram but is a 
volumetric correction that adjusts for any sensitivity variation between the dif- 
ferent coincidence planes. 

To generate a normalization correction, the individual detector efficiencies 
as well as any geometrical efficiency variations are measured. In addition, any 
variation in plane-to-plane efficiency is measured. The most straightforward 
method to determine the normalization correction factors is to collect data from 
a uniform plane source of activity, positioned at 6 to 8 equally spaced projec- 
tion angles. This method will directly measure the relative variation in coinci- 
dence detection efficiencies between all the LORs in the system. 50 To avoid dead 
time and pile-up effects, a source of relatively low activity has to be used. There- 
fore, the main challenge using this method is to acquire enough counts per LOR 
(within a reasonable time frame) to provide a good estimate of the efficiencies 
with a minimum of statistical noise that would propagate into the final image. 



FIGURE 1-33. Effect of normalization on the image of a cylinder containing a uniform 
concentration of radionuclide. Row A shows a transaxial cross-section through the re- 
constructed image of the cylinder, row B an axial cross-section. Without the normal- 
ization, the nonuniform axial sensitivity is revealed. The effect of the normalization is 
less visible in the transaxial image, but the difference image reveals ring artefacts as 
well as a "hole" in the center. 
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Furthermore, any nonuniformities in the plane source will propagate into the 
final image. 



EXAMPLE 1-13 

Assuming Poisson counting statistics, calculate the number of events 
that would be needed to normalize a PET scanner with a total of tO fe 
lines of response (LORs) if a normalization accuracy of an average of 
1% is desired. If the normalization source leads to a coincidence cou nt- 
ing rate of 50,000 cps, how long would this normalization scan take? 



ANSWER 

For Poisson statistics, the standard deviation, cr, is equal to V N, where 
N is the number of events collected. For each LOR, we require that: 

Vjv/n = 0.01 

therefore, N — 10,000 

For I0 6 LORs, the total number of counts needed in the normal- 
ization scan is: 

10,000 X 10 6 = 10 10 

For a counting rate of 50,000 cps, the time for the normalization 
scan would be: 

10 10 -5- 50,000 = 200,000 s = 55.6 h 

This demonstrates the difficulty of making direct measurements of 
normalization factors for each individual LOR in the system. 



An alternative method to determine the normalization matrix is the component- 
based method, in which the coincidence detection efficiency of a pair of detec- 
tors i and j is assumed to be composed of the product of the individual detec- 
tor efficiencies, e, and geometrical factors, g hy The normalization correction 
factors riij are therefore given as: 



1 



Si X Sj X g i}j 



(1-25) 



These geometrical factors include a correction for the angle of incidence of the 
annihilation photons, systematic variations in crystal efficiency dependent on 
the position of the crystal in a detector block modules, and relative plane effi- 
ciency. The individual detector efficiencies for all detector elements in the sys- 
tem can be determined from a scan of a uniform cylinder or any circularly sym- 
metric source, centered in the scanner FOV. For each detector element in the 
system, the sum of the coincidences between the detector of interest and all of 
its opposing detectors (corrected for random and scattered coincidences) is de- 
termined. The assumption is made that by averaging over a large number of op- 
posing detector elements, this sum will be directly proportional to the individ- 
ual detector efficiency. The geometrical factors are typically determined once for 
a particular system using very high counting statistical acquisitions at the fac- 
tory and can be assumed to remain constant. The coincidence detection effi- 
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ciency for a given LOR in the system is the product of the measured individual 
detector efficiencies adjusted for any geometrical efficiency variations, 51-53 and 
the normalization factors that need to be applied to the emission data are the 
reciprocal of this quantity (Equation 1-25). This method provides an estimate 
of the normalization factor with virtually no statistical noise because the meas- 
urement of detection efficiencies is averaged over a large number of detector el- 
ements; however, the method dose depends heavily on a number of measured 
and empirical geometrical factors that could introduce systematic errors as dis- 
cussed by Badawi et al. 54 Figure 1-34 shows the projection data before and af- 
ter correction for detector normalization. 

Attenuation correction 

At 51 1 keV, a relatively high probability exists that one or both annihilation pho- 
tons will interact in the subject, predominantly through Compton interactions. 



FIGURE 1-34. A: Unnormalized sinogram. Each detector in the system traces a diag- 
onal line in the sinogram. Detectors that have a high or a low efficiency will lead to 
bright and dark diagonal lines, respectively. B: Measured normalization factors. C: Af- 
ter multiplying the unnormalized sinogram by the normalization factors, differences in 
detector efficiencies have been effectively removed. The images on the left show an 
individual sinogram; the images on the right show normalization effects in the axial 
direction. 
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FIGURE 1-35. Effect of attenuation correction on a 
uniform cylinder. 





Uncorrected 



Corrected 



As discussed earlier, the results of these interactions are the removal or attenu- 
ation of primary photons from a given LOR and the potential detection of scat- 
tered photons in a different LOR. Thus, attenuation and scatter are manifesta- 
tions of the same physical process. Correction involves removing scattered events 
from the LORs and then subsequently correcting each LOR for the fraction of 
events that were scattered, or attenuated from, that LOR. 

Attenuation of the signal from a given LOR can be corrected either by a di- 
rect measurement or using a mathematical model or a combination of the two. 
Figure 1-35 illustrates the effect of photon attenuation on the image of a cylin- 
der containing a uniform radioactivity concentration. Without the correction, 
the central portion of the cylinder appears to have lower activity than the outer 
edge because photons coming from the center of the cylinder, on the average, 
must pass through more material to reach the detectors than photons at the edge 
of the cylinder. 

Consider a point source located at an unknown depth x in a uniformly at- 
tenuating medium with an attenuation coefficient fi. If the thickness of the ob- 
ject is D along the LOR (Figure 1-36), then the probability that annihilation pho- 
ton 1 will escape the object is the result of Equation 1-15: 

ftx) 

Pi = = exp (-jix) (1-26) 

The probability that annihilation photon 2 will escape is: 

Pi = ~ = exp (~fi(D - x)) (1-27) 



FIGURE 1-36. Derivation of the equations for at- 
tenuation correction in PET. p 1 and p 2 are the 
probabilities that each of the two annihilation 
photons from a source located at an unknown 
depth xin a uniform attenuator of thickness Dwill 
escape the object. The product of p 7 and p 2 is the 
probability that both annihilation photons will es- 
cape the object and be available for detection. 
The attenuation correction for this line of response 
is simply (p 1 x p 2 )~\ which is independent of the 
location of the source. 



p 2 = e -“< D ' x > 

Pcoinc. = Pi P 2 = e-'“ < e^ <D ' x> = e^ 0 

Atten. Corr. = e“ D 
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The probability that both annihilation photons will escape the object is the prod- 
uct of the individual probabilities: 

pi X p 2 = exp (—jjlx) X exp(-ji i(D — x)) = exp(— /jlD) (1-28) 

As can be seen from this equation, the reduction in photon flux is independent 
of the location of the source and only dependent on the total thickness of the 
object along the LOR and the attenuation coefficient of the object. This is unique 
to annihilation coincidence detection and makes attenuation correction straight- 
forward. The attenuation correction factors, a hp that need to be applied to the 
emission data for the LOR joining detector i and j, are given simply by the re- 
ciprocal of Equation 1-28: 

a ifj = exp (iiDij) = I(0)/I(D if j) (1-29) 

where D hp is the tissue thickness for the LOR between detector i and detector j. 
This equation forms the basis for the various methods for correcting photon at- 
tenuation in PET. 



EXAMPLE 1-14 

A line of response passes through 30 cm of soft tissue and 2 cm of bone. 
Compute the attenuation correction factor that would need to be ap- 
plied to this line of response. 

ANSWER 

From Table 1-3, ^t(bone) = 0.17 cm -1 and ^.(tissue) — 0.096 cm -1 at 
511 keV. 

The total attenuation correction factor is the product of the two 
components: 

exp (0,17 X 2) X exp(0,Q96 X 30) = 25 

This demonstrates how to compute attenuation correction factors 
for a mixture of tissues and the very large correction factors that need 
to be applied when the annihilation photons have to pass through large 
amounts of tissue. 



Calculated attenuation correction 

In its simplest form, the calculated attenuation correction assumes that the 
outline of the object that being imaged can be approximated with a geometri- 
cal shape such as an ellipse. Furthermore, the attenuation coefficient within this 
object is also assumed to be constant. To generate the attenuation correction, 
the chord length (representing D h j) is determined for each individual LOR in- 
tersecting the ellipse and is calculated from Equation 1-29. 

This method is primarily useful in imaging phantoms where the attenuation 
coefficient is typically uniform and the shape of the phantom can most of the time 
be approximated with a geometrical shape such as a circle or ellipse. This method 
was also used in early PET systems as the attenuation correction in brain studies. 
To apply this correction, the emission data were initially reconstructed without 
correction for attenuation. The users then fitted an ellipse to the outline of the 
skull on each individual cross-sectional slice. From these ellipses, the attenuation 
correction was calculated and applied to the raw data, which was reconstructed 



Chapter 1: PET: Physics, Instrumentation, and Scanners 



59 



again. This method produces images that are largely free of attenuation artifacts, 
however, due to the approximations of the shape of the object and the assump- 
tion of a uniform attenuation coefficient, the method tends to underestimate the 
attenuation. This method is also very prone to artifacts, such as asymmetries, de- 
pending on the positioning of the ellipse. Furthermore, the method can be very 
labor-intensive on a system generating a large number of image slices. 

An improvement of this method was introduced by Bergstrom et al 55 and 
later refined by Siegel and Dahlbom. 56 The outline of the head was determined 
directly from the sinogram data. This eliminated the need of fitting the ellipse 
to each individual slice and more accurately models the outline of the head. Fur- 
thermore, in this refined method, the attenuation of the skull can be modeled. 
This method improves the original one but still has a tendency to create quan- 
titative errors and small artifacts, especially at the base of the skull due to the 
presence of air cavities and thicker bones. 

Measured attenuation correction 

The most accurate method to determine the attenuation correction is 
through direct measurements. As was shown in Equation 1-28, the amount of 
attenuation is independent of the location of the source. This means that if a 
source is placed outside the object along the LOR of interest, the amount of at- 
tenuation would be the same as for a source inside the object. Therefore, by plac- 
ing a positron-emitting source outside the object, the amount of attenuation can 
be measured directly. In measured attenuation correction, either a set of ring 
sources, or a set of rotating rod sources, is placed just inside the detectors, en- 
abling the attenuation factors for all LORs in the scanner to be measured in a 
single scan. Initially, a reference or a blank scan is measured, in which data from 
these external sources are acquired with no object in the scanner. This corre- 
sponds to measurements of 1(0) in Equation 1-29 for each LOR. Then the ob- 
ject is placed in the scanner, and a transmission scan is acquired. This provides 
1(D) from Equation 1-29. The attenuation correction factors for each LOR are 
simply given by taking the ratio between the blank sinograms and the trans- 
mission sinograms as shown in Figure 1-37. The normalized emission sinogram 
is multiplied by these factors to obtain attenuation corrected sinograms. Figure 
1-38 shows measured sinogram data before and after applying attenuation cor- 
rection. The sources used in blank and transmission scans usually are made from 
68 Ge which has a 2 73 -day half-life. These sources generally need replacing every 
12 to 18 months. 

The main advantage of this method is that the attenuation is directly meas- 
ured, and no assumptions are made in regards to the shape of the object nor the 
distribution of attenuation coefficients. The main difficulty in these transmis- 
sion scans is to collect an adequate number of counts along each attenuated LOR. 
It is not unusual to have attenuation correction factors of over 50 in the region 
of the abdomen, with less than 10 measured transmission counts measured in 
an LOR. Thus, the statistical quality of the transmission scan is typically very 
poor and this noise will propagate into the emission data if left unprocessed. 
The most common method to process the transmission data is to apply a spa- 
tial smoothing filter to the blank and transmission scans prior to computing the 
attenuation correction (i.e., the blank/transmission ratio). This method is typi- 
cally adequate if the transmission scan is fairly long (> 20 min). 
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Transmission Scan 







Attenuation Correction 

FIGURE 1-37. The measured attenuation correction matrix is created by dividing the 
blank scan sinogram (acquired without the subject in the scanner) by the transmission 
scan sinogram (acquired with the subject in scanner). This operation is performed on 
every element (i.e., line of response) in the sinogram. These blank and transmission 
scan measurements typically are taken with external ring or rotating rod sources con- 
taining positron-emitting radionuclides. 



Hybrid techniques of the calculated and measured attenuation correction 
methods also have been developed, where a virtually noise-free attenuation cor- 
rection can be created. In these methods, an image of the attenuation coeffi- 
cients is first reconstructed by taking the natural log of the attenuation correc- 
tion sinograms and reconstructing these sinograms using computed tomography 
(CT) techniques. This reconstruction yields a noisy CT-like image, but the in- 
formation content of these images is typically enough to allow an image seg- 
mentation, where the attenuation coefficients in the images are classified or seg- 
mented into a fixed number of attenuation coefficients (e.g., soft tissue, lung 
tissue, and bone). The segmented image can then be traced along each LOR to 
calculate an almost noiseless estimate of the attenuation correction . 45-47 A draw- 
back of the method is that assumptions about the actual attenuation coefficients 
must be made and population averages are used. 
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Uncorrected Emission Scan Attenuation Correction 




Emission Scan x Attenuation Correction 







Corrected Emission Scan 

FIGURE 1-38. The attenuation correction is performed by multiplying the normalized 
emission sinogram with the attenuation correction matrix. This operation is performed 
on every element in the sinogram. 



The introduction of rotating rod sources instead of ring sources has allowed 
a more efficient use of the scanner with the acquisition of transmission scans af- 
ter the injection of the tracer. 57-59 This approach is known as post- injection trans- 
mission scanning . In clinical imaging protocols (Data Acquisition Protocols, 
p. 50), this eliminates the need for the patient to remain in the scanner during 
the required time for the radiotracer to distribute in the body. Because most 
transmission sources use a positron emitter, a coincidence originating from the 
transmission source will be indistinguishable from an emission coincidence. 
However, when using a rod source, the position of the rod is monitored during 
the acquisition. If the line of response for a detected event aligns with the loca- 
tion of the rod source, a high likelihood exists that the event originated from an 
annihilation in the rod source. This assumption can be made if the total activ- 
ity in the source is much higher than the total emission activity along any given 
LOR. This is typically the case if the activity in the rod sources is approximately 
2 mCi. In areas of high accumulation of radioactivity, such as in the bladder in 
FDG scans, this assumption may not be true. This can lead to an undercorrec- 
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tion for attenuation in these regions, due to the substantial number of emission 
coincidences that are erroneously assigned as transmission events. 

Using rotating rod sources, the emission and transmission scans can be ac- 
quired simultaneously. 60,61 However, several practical difficulties occur in per- 
forming simultaneous emission and transmission scans. The relatively high ac- 
tivity in the rod sources produces an elevated counting rate of random 
coincidences (Types of Events, p. 33), which can, in some instances, exceed the 
emission counting rate. The subtraction of these random coincidences then re- 
sults in excessive noise levels in the corrected sinograms (Correction for Ran- 
dom Coincidences, p. 65). To overcome the problems associated with high ran- 
dom counting rates in simultaneous emission/transmission scans, the activity in 
the rod sources has to be reduced by a factor 4-5. This reduction requires that 
the transmission data must be corrected for the contamination of emission 
events. Furthermore, the emission counts also have to be corrected for contam- 
ination of transmission events. The main advantage of this method is the per- 
fect spatial registration of emission and transmission data. However, the need 
for the various cross-contamination factors may introduce systematic errors and 
noise in the estimation of the net true counting rate for each LOR. 

The main reason for the poor statistical quality of many transmission scans 
is that only a limited amount of activity can be put in the transmission sources. 
Because the transmission source will be very close to the detector ring, the near 
detector is always exposed to a very high photon flux. Therefore, the amount of 
activity in the rod source is primarily dictated by the count rate capabilities of 
the detector system. One approach to overcome this problem is to only meas- 
ure the photons that pass through the object instead of requiring coincidence 
detection. 62 The line connecting the detector element and the position of the 
transmission source then gives the directional information of the detected pho- 
ton. This method is generally referred to as singles transmission scanning because 
only one of the two photons is used in the detection process. The main advan- 
tage of this method is the improvement in count rate compared to coincidence 
measurements. A significant drawback of this method is that scattered radiation 
cannot be rejected by the requirement that the position of the rod source has to 
align with the coincidence LOR as described above. Therefore, the scatter frac- 
tion is typically very high in singles transmission scans , which, in turn, results in 
a significant underestimation of the attenuation correction. The use of rod 
sources that extend across the entire axial FOV also results in attenuation cor- 
rection maps with very poor axial resolution that introduce inaccuracies in at- 
tenuation coefficients, especially at interfaces of tissues of significantly different 
attenuation coefficients. To alleviate these problems, single or multiple colli- 
mated point sources are typically used instead of a single rod source. 63,64 

Another drawback of using the singles measurement with 68 Ge as the trans- 
mission source is that postinjection transmission scans cannot be performed be- 
cause the emission singles cannot be distinguished from the transmission sin- 
gles. To allow postinjection transmission scans, one can use a transmission 
source that emits photons of energy different from 511 keV. Several singles trans- 
mission systems use 137 Cs, which emits 662 keV photons. 63,64 Using a higher 
photon energy reduces the amount of emission photon cross-contamination of 
the transmission data. The amount of cross-contamination depends on the en- 
ergy resolution of the detector system but cannot be entirely eliminated even in 




Chapter 1: PET: Physics, Instrumentation, and Scanners 



63 



systems using Nal(Tl) detectors, where the energy resolution is as good as 10%. 
The drawback of using 137 Cs as the source is that the transmission measurement 
is performed at a different energy compared to the emission data (i.e., 51 1 keV). 
To overcome this problem, transmission images are typically segmented and the 
appropriate attenuation values are assigned at 5 1 1 keV. 63-65 

Scatter correction 

Correction for scatter is probably the most difficult correction that is required in 
PET, mainly because a scattered event is indistinguishable from a true event ex- 
cept on the basis of energy. Unfortunately, there is no simple way to measure the 
number of scattered events, and it is, therefore, important to minimize the de- 
tection of these events, accomplished to a certain degree by energy discrimina- 
tion, collimation, and geometrical considerations. When an annihilation photon 
undergoes a Compton interaction in the body and scatters, it will lose some of 
its energy in the process. The direction of the scattered photon follows the 
Klein-Nishina probability function (Figure 1-8) and the amount of energy lost 
in the scattering interaction is given by Equation 1-12. At 51 1 keV, forward scat- 
ter, in which only a small amount of energy is lost in the interaction, is favored. 
In fact, 50% of all Compton interactions produce photons with a scatter angle of 
60° or less. If PET detectors only accepted events with an energy of 511 keV, all 
scattered events could be eliminated. But this would require a detector with ex- 
tremely good energy resolution. Most BGO scintillation detectors used in PET 
have an energy resolution of about 20% to 25%, which makes it very hard to sep- 
arate small angle, high-energy scattered photons from the primary 51 1-keV pho- 
tons. Even PET systems that use high light output Nal(Tl) scintillation detectors 
have an energy resolution of at best 10%. An additional difficulty in separating 
scattered events from primary events is caused by the fact that a significant frac- 
tion of the primary 51 1-keV photons will only deposit a portion of the energy 
within the detector volume. Although these events are “good” events, they are 
detected in the same energy range as scattered events. Thus, if the system would 
only accept events within a narrow energy window at approximately 511 keV, the 
overall detection efficiency of the system would be very poor (see Sensitivity: De- 
tector and Geometric Efficiencies, p. 42). Therefore, to maintain a reasonable de- 
tection efficiency, most PET systems operate with a relatively large energy win- 
dow between 350 keV to 650 keV, which also results in the detection of a certain 
amount of scattered photons. Energy discrimination is most efficient in rejecting 
low energy, large angle scatter. The presence of tungsten interplane septa (Figure 
1-29) in a PET system helps reduce detected scatter to a relatively low level. For 
brain imaging, the fraction of the detected events that have undergone Compton 
scatter is in the range of 0.1 to 0.15 for a 2-D scan with the interplane septa in 
place. If the septa are removed, and the system is operated in 3-D mode, the scat- 
ter fraction for brain imaging increases to approximately 0.3 to 0.4. 

Although scattered events are spread across the field of view and have a fairly 
low spatial frequency distribution, their contribution, particularly in 3-D stud- 
ies, needs to be corrected to produce images with high contrast and acceptable 
quantification. Figure 1-39 shows the effects of scatter in images of a phantom. 
It is important to notice that scatter and attenuation are really one and the same 
phenomenon. When one of the annihilation photons scatters, the event is re- 
moved from its original LOR (attenuation), but because the photon is rarely ac- 




64 



PET: Molecular Imaging and Its Biological Applications 



2.5 10 6 



2.0 1G 6 ■ 



£ 

> 

o 

< 



t.5 10 6 



1.0 10 s . 



Uncorrected 



■ - Corrected 

— * — Scatter ******** 

.*♦* ** 






\ 

'■ *»'■***» 




A, 



Position [cm] 




B. 



FIGURE 1-39. A: Profiles through the reconstructed images of a cylinder containing a 
uniform radioactivity concentration showing the contribution of scattered events. The 
corrected profile is flat, as expected. B: Images corresponding to the profiles; from left 
to right: Uncorrected image (trues + scatter), corrected image (trues), and scatter image. 



tually absorbed in tissue, it may still be detected in a different LOR (scatter). For 
this reason, the order in which the corrections are applied is important, and scat- 
ter correction should be performed prior to attenuation correction. The scatter 
correction methods can be divided into three main categories: analytical , dual 
energy window , and simulation methods. 

Analytical methods 

In the simplest analytical scatter correction methods, the amount of scatter 
was estimated by fitting a smoothly varying function to the counts appearing 
outside the object in the sinograms. 66,67 This method assumes that the scatter 
distribution varies slowly across the FOV and is relatively independent of both 
the source distribution and the scattering medium. One of the most widely used 
analytical methods for scatter correction in 2-D PET is the Bergstrom et al. 
method. 68 This method is based on phantom measurements of the scatter dis- 
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tribution from line sources placed at different locations inside scattering media 
of different dimensions. This information is then used to essentially deconvolve 
the measured data which is blurred by these scatter distributions. The advantage 
of this method compared with the fitting method is that it considers the source 
distribution. However, the shape of the scattering distribution is highly de- 
pendent on the shape and size of the scattering medium; thus, the phantom 
measurements are at best an approximation. 

Dual energy method 

The dual-energy window technique is based on scatter correction techniques 
developed originally for SPECT. In this method, coincidences are acquired in 
two energy windows, for example, 400 keV to 600 keV and 250 keV to 400 keV. 
The idea is that the upper window contains scattered and unscattered photons 
and the lower window contains only scattered photons. To correct for scatter, 
some fraction of the low-energy window counts are subtracted from the high- 
energy window counts. A difficulty in using this method is that in reality both 
energy windows contain a mixture of both unscattered and scattered events due 
to the limited energy resolution of the detectors, and that the low-energy win- 
dow is more likely to contain multiply scattered photons that in general will have 
a different spatial distribution than singly scattered photons. This method also 
requires a set of measured calibration constants to account for efficiency differ- 
ences in the two windows and to determine what fraction of the low-energy win- 
dow counts should be subtracted. These constants, in turn, depend on object 
size. This method is typically only used in studies in which the object geometry 
is well-defined and remains fairly constant between studies (i.e., brain scans). 69 

Simulation methods 

The most accurate scatter correction methods developed to date are proba- 
bly the simulation-based methods. In these methods, the scatter is estimated by 
first reconstructing the emission data without scatter correction. Using these im- 
ages as the initial estimate of the source distribution together with an attenua- 
tion map (i.e., reconstruction of the transmission images), the scatter is then 
simulated, either using a simple single scatter model, 70 an approximate analyt- 
ical model, 71 or using a Monte Carlo simulation. 72,73 The advantage of this 
method is that it takes into account the 3-D distribution of radioactivity and at- 
tenuation coefficients in the object that is being imaged. The obvious drawback 
is that it is more time consuming because it involves additional image recon- 
structions and computationally expensive simulations, especially if a Monte 
Carlo simulation is performed. 

Correction for random coincidences 

Random coincidences, like scatter, result in additional events being recorded in 
LORs. 74 These events, because they contain no spatial information (the two an- 
nihilation photons come from separate decays), are distributed quite uniformly 
across the field of view. Without correction, they lead to a loss in image con- 
trast, adversely affect quantification, and can lead to significant image artifacts. 
Random correction often is performed in real time in modern PET systems and, 
therefore, is transparent to the user. 

Two main approaches correct random or accidental coincidences in PET. As 
was shown in Equation 1-18, the random counting rate can be estimated from 
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the singles counting rate for a given detector pair and coincidence time window. 
In theory, the number of random events for every detector pair in the scanner 
can be estimated and subtracted. To implement this singles method, one would 
need a data acquisition system that can, in addition to recording coincidences, 
also accurately monitor the singles rate for each detector element. In addition, 
the coincidence time window needs to be accurately known for each detector 
pair. 

A different approach is to directly measure the accidental coincidences, which 
can be achieved by adding a parallel coincidence circuit to the one measuring 
the prompt coincidences. In this second coincidence circuit, the logic pulse from 
one of the two detectors is delayed in time such that the detector pair cannot 
produce any true coincidences. Therefore, any coincidences seen in this coinci- 
dence circuit can only be caused by accidental coincidences, which is also an es- 
timate of the number of accidental coincidences in the prompt circuit. 75 

It should be noted that in both methods, the correction for randoms is not 
a correction on an event-by-event basis, because a random event is indistin- 
guishable from a true event for the coincidence circuit. Instead, the correction 
method provides a statistically separate measurement of the number of random 
events detected by each detector pair which is then subtracted from the prompt 
(trues + randoms) coincidence measurement. This subtraction of two meas- 
urements leads to an increase in the statistical uncertainty of the true coinci- 
dence rate. Assuming that Poisson statistics applies, the net number of true 
counts (N true ) after correction are: 



Ntrue 



Nprompt N random 



(1-30) 



where N prompt and N ran d om are the number of prompt and random counts, re- 
spectively. If the delayed coincidence technique is used for correction, the sta- 
tistical error in the true counts (A N true ) is given as: 

A N true = V^P~ t + A 

random 

^ Np W mpt T N random *\/ N true T 2 X N random ( 1 " 31 ) 



As can be seen from Equation 1-31, the statistical error in the estimate of N true 
increases with increasing numbers of random events. If the singles method is 
used for estimating the accidental rates, then it can be shown using Equation 
1-18, and error propagation analysis that the error in the net true coincidence 
counts is: 



kNtrue - VN frue + N random + 2X4 T 2 X N^ ngle (1-32) 

where N sing i e is the number of single events (no coincidence requirement) 
recorded by the detectors (assumed to be equal in the two detectors). The third 
term in Equation 1-32 is typically much smaller than N ranc i om and can be neg- 
lected in terms of its contribution to the statistical error in the estimate of N true . 
Equation 1-32 does not consider any errors in estimating the coincidence win- 
dow 2 t, which typically has to be measured. 

Comparing Equations 1-31 and 1-32, the singles correction method pro- 
duces a statistically superior estimate of the number of random events, due to 
the negligible noise contribution from the term containing N s j ng i e . On the other 
hand, there will most likely be systematic, additional measurement errors in the 
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determination of the coincidence time window, which can vary due to differ- 
ences in cable and trace lengths in the electronics, variations in PMT transit times 
and other factors that are difficult to measure or account for. Although the de- 
layed coincidence method produces a noisier estimate of the number of random 
events, this method is virtually free of systematic errors because the delayed co- 
incidences are measured in the same circuitry as the prompt coincidences. 



EXAMPLE 1-15 

You are performing a 5-minute, whole-body PET study in a patient. 
The scanner records a prompt coincidence counting rate of 50,000 eps 
and a randoms rate of 10,000 cps. If there are IQ 6 LORs in the scan- 
ner, compare the % uncertainty in the number of true coincidences 
per LOR for the two different randoms correction methods if you as- 
sume that the prompt and random coincidences are equally spread 
among all LORs in the system. 

ANSWER 

The number of prompt coincidences per LOR is given as: 

50.000 cps X (5 X 60) secs / IQ 6 — 15 prompts per LOR 
The number of random coincidences per LOR is: 

20.000 cps X (5 X 60) secs / 10 6 = 6 randoms per LOR 
The number of true coincidences per LOR is: 

15 — 6 = 9 trues per LOR 

From Equation 1-31, the uncertainty in the number of trues for 
the delayed method is: 

m r ue = VN IW + 2 X N romhm = V9+ 12 = 4.58 
The % uncertainty in N mie is 

100 X ^ N,ruc = = 50.9% 

W true 9 

From Equation 1-32, the uncertainty in the number of trues for 
the singles method, assuming that the third term is negligible, is: 

A N me = VAW + N rarulom = V9 + 6 - 3.87 

The % uncertainty in N tTue is: 

100 X ^3i£ = — = 43% 

Htrue 9 

This demonstrates the advantage of the singles method, particu- 
larly when N inie is not much greater than, or even less than, N mn d om . 



Dead time correction 

In an ideal system, the net true count rate of the system should increase linearly 
with increasing activity in the field of view. However, there are a number of com- 
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FIGURE 1-40. Illustration of the variation of true counting rate as a function of activ- 
ity concentration in a uniform cylinder (solid line). The dashed line indicates the ideal 
linear response of the true counting rate. At low activity concentrations, the measured 
count rate follows the ideal linear response. As the activity concentration is increased, 
the deviation from the ideal response increases due to dead time in the processing 
electronics. 



ponents in the detection chain that will experience some level of dead time as 
the activity increases. This is illustrated in Figure 1-40, where the measured 
true counting rate is shown as a function of the activity concentration in a 20- 
cm diameter, 20-cm tall cylinder. The ideal true counting rate is also shown 
(extrapolated from the measured true counting rate at low activity concentra- 
tions). The main source of dead time in most PET systems is the processing 
of each event in the detector front-end electronics. This dead time is mainly 
dictated by the extent of signal integration necessary for accurate energy dis- 
crimination and event positioning in the detector module. The integration time 
is, in turn, dictated by the scintillation decay time constant of the crystal ma- 
terial. The integration time is typically set at 3 to 4 times the decay time con- 
stant (i.e., 900-1200 ns for BGO and 120-160 ns for LSO). The most common 
way to characterize dead time is to fit the scanner response using either a par- 
alyzable or nonparalyzable dead time model. Mathematically, these models are 
described by: 

Paralyzable model R Meas = R True X exp (-%^t) (1-33) 

Nonparalyzable model R Meas = R True / (1 + R T r Ue T ) (1-34) 

where RMeas and Rjrue are the measured (or observed) and true counting rates 
rates, respectively, and t is the dead time constant, which in the case of the de- 
tector dead time would be the integration time. Thus, if the integration time can 
be reduced, for instance, by using a faster scintillator, the amount of detector 
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Ideal Trues [cps] 

FIGURE 1-41. Measured true counting rate (closed circles) as a function of ideal true 
counting rate. The solid line shows the fit of the data to a paralyzable dead time model 
with a dead time constant of 1 /is. The dashed line shows the corresponding fit for a 
nonparalyzable, dead time model. 



dead time can be reduced. Figure 1-41 shows the measured counting rate as a 
function of true counting rate, using the data from Figure 1-40. Figure 1-41 also 
shows the best fit of the two dead time models, described by Equations 1-33 and 
1-34, to the data. In this particular case, the paralyzable model best character- 
izes the overall dead time for the system. 

Other contributions to dead time in a PET system can come from the coin- 
cidence event processing, real-time sorting of data into sinograms, and data 
transfer. 76 Correction for dead time typically involves a model of the dead time 
behavior of the system at different count rate levels and will generally be some 
combination of paralyzable and nonparalyzable dead time factors contributed 
by the different processing stages in the system. Input to the overall dead time 
determination is usually the measured average detector singles rates and coinci- 
dence rates. 77 

Another problem at high counting rates is pulse pile-up which may result in 
resolution losses and artifacts. Pulse pileup occurs when two photons are ab- 
sorbed in the same detector module within the integration time of the elec- 
tronics. Because of the broad energy windows used in PET and the high likeli- 
hood of Compton interactions in the detector, it is quite possible for the total 
energy deposited by the two photons to fall within the energy window of the 
system. In this case, the two photons are accepted as a single event and the de- 
tector electronics will assign the event to a location between the two interaction 
positions. This leads to both loss of events (the two events are recorded as one) 
and mispositioning of the event. At very high counting rates, pile-up can be- 
come a limiting factor and may degrade resolution and introduce artifacts. 78 
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EXAMPLE 1-16 

Determine the true count rate at which 20% of all counts are lost for 
a BGO (t — L2 fis) and ISO (r — 160 ns) detector. Assume a para- 
lyzable dead time model. 



ANSWER 

The 20% count rate loss occurs when: 




Kmc m ~ 0-8 R fm? 


Using Equation 1-33: 




0.8 R Tnlc = R Tnlc exp (~R T rucT) 
R True = -In 0.8/t 


For BGO: 


R True = -in 0.8/1.2/xs = 186 kcps 


For LSO: 


fir™* = -/» 0.8/160 ns = 1.39 Mcps 



IMAGE RECONSTRUCTION 

The goal of image reconstruction is to provide quantitatively accurate cross- 
sectional images of the distribution of positron-emitting radiopharmaceuticals 
in the object that is being scanned, using the externally detected radiation along 
with the mathematical algorithms of computed tomography. This essentially al- 
lows us to see “inside” the body in a completely noninvasive fashion. The re- 
construction step is necessary because the raw PET data only defines the loca- 
tion of the emitting atom to within a line across the object (Figure 1-1). To 
reconstruct tomographic images also requires that data from the object be ade- 
quately sampled. For this reason, PET scanners generally consist of rings of de- 
tectors that fully encompass the object to be imaged or sets of opposing detec- 
tors that can be rotated about the object. Both geometries allow data to be 
collected from many different angles around the object. 

Initially, we will consider a highly simplified PET scanner that consists of a 
single ring of individual detectors that can localize incident annihilation pho- 
tons (Figure 1-26). A PET scan consists of the detection of a large number of 
pairs of annihilation photons (typically 10 6 -10 8 ). During the course of the PET 
scan, the total number of counts measured by a particular detector pair will be 
proportional to the integrated radioctivity along the line joining the two detec- 
tors. This data are commonly referred to as line integral data. The role of image 
reconstruction is to convert the line integrals measured at many different angles 
around the object into a 2-D image that quantitatively reflects the distribution 
of positron-emitting atoms (and, therefore, the molecule to which it is attached) 
in a slice through the object parallel to the detector plane. 

There are two basic approaches to image reconstruction. One approach is 
analytic in nature and utilizes the mathematics of computed tomography that 
relates line integral measurements to the activity distribution in the object. These 
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algorithms have a variety of names, including filtered backprojection and Fourier 
reconstruction. The second approach is to use iterative methods that model the 
data collection process in a PET scanner and attempt, in a series of successive 
iterations, to find the image that is most consistent (using appropriate criteria) 
with the measured data. This section provides a basic introduction to the meth- 
ods of image reconstruction. A discrete formulation is used, as all real PET data 
acquired are ultimately sampled in discrete bins rather than on a continuous ba- 
sis. For more details on the mathematics or details on specific reconstruction 
algorithms, the reader is referred to the list of further reading at the end of the 
chapter, as well as the individual references made in the text. An excellent sum- 
mary review on image reconstruction is given by Leahy and Clackdoyle. 79 De- 
tails on analytic reconstructions can be found in the textbook by Kak and 
Slaney. 80 

Backprojection 

A basic algorithm used as part of many reconstruction methods, and an intu- 
itively appealing way to approach image reconstruction, is linear superposition 
of backprojections, often known simply as backprojection . First, an image matrix 
is defined (typically, 128 X 128 pixels for PET). For a valid line of response (e.g., 
coincidences between detectors 12 and 31 in Figure 1-26), a line is drawn be- 
tween the detectors and through the image matrix. The value added to each pixel 
that is intersected by the line is given by AT X w, where N is the number of counts 
detected by the detector pair (after all corrections described in Data Correction, 
p. 51, have been applied) and w is a weighting factor proportional to the path- 
length of the line through the pixel. The value is therefore larger if the line passes 
across the center of the pixel and smaller if the line passes through the corner 
of the pixel. This is illustrated in Figure 1-42. In essence, the counts from a de- 
tector pair are being projected back along the line from which they originated. 
This process is repeated for all valid detector pairs in the PET system, the counts 
from each subsequent detector pair being added to the counts that have been 
backprojected for all preceding detector pairs, hence the name linear superpo- 
sition of backprojections. 

There are two different methods to implement simple backprojection on a 
computer. The first approach, ray-driven backprojection , is the method described 
above. The lines of response, or rays, are traced through the 2-D image matrix, 
and the pathlength through each pixel is calculated. A more common (and ef- 
ficient) way to perform backprojection, when the projection data are stored as 
sinograms (Data Representation: The Sinogram, p. 44) is to use the pixel- driven 
backprojection algorithm. For each image pixel (x,y), and each projection angle 
0, we calculate the sinogram coordinate r (from Equation 1-24) that will con- 
tribute data to that pixel. In general, the calculated value of r will not fall exactly 
on one of the sinogram elements, and linear interpolation is used between ad- 
jacent elements to calculate the contribution to add to pixel (x,y). In this algo- 
rithm, each image pixel is handled one at a time, and the calculation proceeds 
as a loop over all the projection angles 0 for each image pixel. Mathematically, 
pixel-driven backprojection can be written as: 

1 N i N 

a '(^y) = ^X s ( r >0n) = X *(* cos <t> rx + y sin 4>„,<f>„) (1-35) 
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FIGURE 1-42. Illustration of backpro- 
jection. An image matrix consisting of 
an array of square-image pixels is de- 
fined. Events detected by a given de- 
tector pair (in this case detectors 12 
and 31) are placed in pixels inter- 
sected by the line joining the two de- 
tectors. A weighting factor is applied 
to account for the path length of the 
line of response through the pixel. This 
is repeated for all valid detector pairs 
to build a backprojected image (see 
Figure 1-43). 



where N is the number of different equally spaced projection angles over which 
data have been obtained, s(r,<£ n ) is the number of counts in the sinogram ele- 
ment at angle 4> n and radial offset r, and a ' (x,y) is the backprojected image. Both 
approaches to backprojection are mathematically identical, although results can 
differ slightly depending on the details of how the weighting factors and inter- 
polations are carried out. 

Simple backprojection of the data does result in an image that resembles the 
true distribution of radioactivity in the object, but it is only an approximation, 
hence the designation a ' (x,y). Backprojection places counts outside the bound- 
aries of the object which is clearly incorrect, and for any complex object, it is 
readily apparent that backprojection will result in a blurred representation of 
the object because counts are distributed equally along the line from which they 
originated. The result of reconstruction of the computer phantom shown in Fig- 
ure 1-28 by backprojection is shown in Figure 1-43. The blurring in backpro- 
jection is proportional to 1/r, where r is the distance from the source. Mathe- 
matically, it can be shown that the relationship between the backprojected image 
a'(x,y) and the true activity distribution a(x,y) is given as: 

a'(x>y) = a(x,y) (x) - (1-36) 

r 

where (x) denotes the operation of convolution. 

Analytic reconstruction: projection slice theorem 
and direct Fourier reconstruction 

To develop a reconstruction algorithm that eliminates the 1/r blurring factor, 
we turn to an important theorem known as the Fourier or projection slice theo- 
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FIGURE 1-43. Simple backprojection reconstruction 
of the sinogram in Figure 1-28. The reconstructed 
image bears some resemblance to the object in Fig- 
ure 1-28 from which the sinogram was measured, 
but the image is badly blurred. Counts are placed 
outside of the object where there is no radioactiv- 
ity. (Data courtesy of Dr. Andrew Goertzen. Repro- 
duced with permission from Cherry SR, Sorenson 
JA, Phelps ME. Physics in Nuclear Medicine, W.B. 
Saunders, New York, 2003.) 




rem (sometimes also known as the central section theorem). This theorem states 
that the measured projection data s(r,cf) ) contained within the sinogram can be 
related to the activity distribution a(x,y) in the object through the use of a widely 
used mathematical tool known as the Fourier transform. 

The Fourier transform expresses a function f(x) in terms of its component 
spatial frequencies (expressed as a weighted sum of sine and cosine terms of dif- 
ferent frequencies) rather than in terms of its magnitude as a function of posi- 
tion. The component spatial frequencies, v, and the magnitude with which each 
frequency contributes to the signal, F(v), is determined by the manner with which 
the signal f(x) changes with position. For example, a signal that is fairly uniform 
over space can be represented using lower spatial frequencies, while one with 
sharp discontinuities and regions of rapid change will require higher frequen- 
cies for an accurate representation. This is perhaps best illustrated with some 
simple examples as shown in Figure 1-44. The two extreme cases would be a 
uniform signal (i.e., fix) = constant) and a delta function (fix) = 0, except at 
x = 0, where fix) = 1). In the former case, there is no frequency information 
and the Fourier transform of the function only contains information at the zero 
frequency. In the latter case, an infinite number of frequencies are required to 
represent the sharp delta function, and the Fourier transform contains equal 
contributions at all frequencies. The last function illustrated is a more general 
and discrete function, such as might be measured as the projection data from a 
particular angle in a sinogram. Here again, there is a distribution of frequencies, 
but high-frequency components are limited by the resolution of the detectors 
that are being used and the spatial sampling of the data. Discrete Fourier trans- 
forms of data can be calculated very quickly on computers; many data analysis 
packages have built-in functions for computing them. In this text, we will not 
provide details of the exact formulation and calculation of Fourier transforms. 
This involves the use of complex exponentials and is beyond the scope of this 
book. The interested reader is referred to the textbook by Bracewell 81 for further 
details. We will simply denote the Fourier transform F(v) of a function fix) as: 

F(v) = FT [f(x)] (1-37) 
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FIGURE 1-44. Illustration of the Fourier transform which expresses a spatially varying 
signal f(x) in terms of its frequency components F(v). Three cases are shown; A (top 
row): Signal is uniform over space and the only nonzero component of the Fourier 
transform is at zero frequency. B (middle row): A delta function. All frequencies are 
required to represent this sharp spike. C (bottom row): A more realistic situation that 
could represent a profile through the radioactive distribution in a patient. A range of 
frequencies is required to represent this distribution, with higher amplitudes at lower 
frequencies. The high-frequency cut-off in real data will be determined by the resolu- 
tion of the detector and the sampling of the data. 

The inverse Fourier transform takes the frequency representation of a function F(v) 
and computes the spatial representation of the function fix) and is denoted by: 

f(x) = FT" 1 [F(v)] (1-38) 

Fourier transforms can also be calculated for 2-D functions f(x,y), where the 
transform is also a 2-D function Fiv^Vy) representing spatial frequency compo- 
nents in the x and y directions. 
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The projection slice theorem states that the one-dimensional (1-D) Fourier 
transform of a projection at angle 4> (one row in the sinogram) is equal to the 
2-D Fourier transform of the image evaluated along a radial profile at angle $ 
with respect to the x-axis (Figure 1-45), which can be written as: 

S(v r ,</>) A(v x ,Vy) \ Vx = v r cos (f>, Vy = v r sin (j> (1-39) 

where S(v r ,</>) is the 1-D Fourier transform of s(r y <f>) with respect to r, and 
A(v x ,v y ) is the 2-D Fourier transform of the activity distribution a(x y y) which is 
the quantity desired to reconstruct in the image. This relationship immediately 
leads to the direct Fourier reconstruction of a cross-sectional image a(x y y) by 
the following approach: 

1. Take the 1-D Fourier transform of the first row in the sinogram. 

2. Interpolate and add onto a 2-D rectangular grid A( v xy v y ) according to Equa- 
tion 1-39. 

3. Repeat for all subsequent rows in the sinogram. 

4. Take the inverse 2-D Fourier transform of A(v x , v y ) to find the image a(x y y). 

The practical difficulty with this approach is that the Fourier-transformed 
projection data S(v r ,</>) are sampled along radial lines and must then be inter- 
polated onto a rectangular grid to form A( v xy v y ) before taking the inverse Fourier 
transform. Accurate interpolation is computationally intensive, and the result- 
ant image is very sensitive to interpolation errors. However, when properly im- 
plemented, this leads to a reconstructed cross-sectional image a(x y y) that will 
match the distribution of radioactivity in the original object within the limits 



FIGURE 1-45. The Projection slice theorem. The object with activity a(x,y) is scanned 
to produce projection data s(r,(f)) at different angles <£ (sinogram data). The 1-D Fourier 
transform (FT) of the projection data at angle <£, S(v r ,<l)) is equal to the 2-D Fourier 
transform of the image A(v x ,v y ) evaluated at angle <p. To reconstruct an image, the 
Fourier transforms of the projection data at each angle are inserted onto a rectangular 
grid according to this theorem. The reconstructed image can then be obtained by tak- 
ing the inverse 2-D Fourier transform of A(v X/ v y ) to yield a(x,y). 




amplitude 
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imposed by statistical noise in the measured projection data, errors in quantifi- 
cation of the line integrals (due to any of the factors discussed in Data Correc- 
tion, p. 51), and resolution and sampling limitations of the data. 

Two-dimensional analytic reconstruction: filtered backprojection 

A more elegant approach to reconstruction can be achieved by reformulating 
Equation 1-39 in the spatial rather than frequency domain. The result is: 

a(x,y) = y s*(r,4> n ) (1-40) 

N n= 1 

where s* is the original sinogram data that have been modified by a filter func- 
tion in the spatial frequency domain with form H(v) — \v\: 

s*(r,<£) = -^FT -'[Sivr,#) X |v r |] (1-41) 

Lit 

S(v r ,4>) is the 1-D Fourier transform of the original projection data s(r,4>) with 
respect to r. Comparing Equation 1-40 with Equation 1-35, it can be seen to be 
the same equation as for backprojection, the only difference being that the pro- 
jections have been modified by a filter according to Equation 1-41. Hence, the 
name filtered backprojection. 

The reconstruction filter, H(v), is known as the ramp filter because of its 
shape in the frequency domain (Figure 1-46) which results in a larger weight- 
ing factor for higher spatial frequencies. The blurring that occurs in images re- 
constructed with backprojection can be thought of as suppressing high-spatial 
frequency information (high-spatial frequencies give “sharpness” to an image). 
The shape of the ramp filter, therefore, makes sense intuitively, as it amplifies 
the high-spatial frequencies with respect to the low-spatial frequencies, revers- 
ing the effects of the 1/r blurring. 



FIGURE 1-46. The reconstruc- 
tion filter that is applied to the 
projections in frequency space to 
achieve accurate reconstructions 
is a simple ramp function, where 
the amplitude of the filter is pro- 
portional to the frequency, up to 
a maximum frequency v max 
which is defined by the sampling 
of the data. 
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The implementation of filtered backprojection (FBP) is as follows: 

1. Take the 1-D Fourier transform of the first projection angle in the sinogram. 

2. Multiply this by the filter function. 

3. Take the inverse Fourier transform. 

4. Backproject the modified (filtered) projection. 

5. Repeat for all angles around the object. 

This algorithm is very fast and easy to implement on a computer. It involves 
only 1-D Fourier transforms and simple linear interpolation (in general, the se- 
lection of x, y, and <£ will result in values of r that do not fall exactly on the line 
of response defined by a detector pair). It has become the method of choice for 
analytic reconstruction. 

In the discrete formulation of image reconstruction appropriate for PET (the 
recorded projection data are discrete, not continuous functions), the recon- 
struction filter H(v) should be cut-off at a maximum frequency v max (Figure 
1-46) which is given as: 



^max 



1 

2 X Ar 



(1-42) 



where Ar is the distance between samples in the sinogram and v max represents 
the highest frequency that can be faithfully recorded in the discrete, sampled 
data. 

The ramp filter often is modified in practice to improve signal-to-noise in 
reconstructed PET images. A typical projection view contains a range of fre- 
quencies, with a tendency for higher amplitudes at low frequencies and lower 
amplitudes at higher frequencies. Statistical noise (noise related to the finite 
number of annihilation photon pairs contributing to each element in the pro- 
file) has a uniform spectral appearance and contributes equally at all frequen- 
cies (Figure 1-47). Thus, if a reconstructed image is too noisy due to limited sta- 



FIGURE 1-47. Fourier trans- 
form of the signal (no-noise) 
(gray line) and the statistical 
noise (black line) in a projec- 
tion measurement. Notice how 
the signal drops off quickly 
with increasing frequency, 
while the noise remains quite 
constant across all frequencies. 
The individual data points have 
been smoothed to produce the 
solid curves to better visualize 
the trends in the two compo- 
nents. (Data courtesy of Dr. An- 
drew Goertzen.) 
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tistics, one option is to attenuate or remove higher frequencies, thus improving 
signal-to-noise. This improvement, however, is at the expense of degrading im- 
age resolution, as the signal contained within these same high frequencies is re- 
sponsible for the finer detail (rapidly changing activity, sharp edges, and so on) 
in an image. Thus, by modifying the reconstruction filter, it is possible to trade- 
off signal-to-noise and spatial resolution in the reconstructed image. A simple 
way to do this is to cut off the ramp filter at a frequency v cuto ff < v m ax- More 
commonly, apodizing filters are used, which are based on the ramp filter at low 
frequencies but have a reduced magnitude at high frequencies. These also avoid 
a sharp change in the filter at the cut-off frequency which reduces the chances 
of introducing artifacts into the reconstructed images. The functional forms for 
some of the more common reconstruction filters are: 



Ramp: 


H(v) = |v| 


(1-43 A) 


Hann: 


H(v) — 0.5|v|( 1 + cos ) 


(1-43B) 




\ v cut-offj 




Shepp-Logan: 


H(v) = sin W 77- 


(1-43C) 




cut-off 





In all cases, H(v) is set to zero for |v| > v cut - 0 ff\ v cut - 0 ffC an have a maximum value 
of Vmax • These filters are shown in Figure 1-48. Figure 1-49 shows the recon- 
struction of a dataset using several different reconstruction filters, demonstrat- 
ing the trade-off between signal-to-noise and resolution as the filter is changed 
and as v cut . 0 ff is varied. In practice, it is rare that sufficient annihilation photon 
pairs are collected in a human PET study to reconstruct PET images with a ramp 



FIGURE 1-48. Three reconstruction filters that are commonly used in filtered back- 
projection. The Shepp-Logan and Hann filters reduce the amplitude at high frequen- 
cies, improving signal-to-noise but reducing spatial resolution. They also avoid "ring- 
ing" artifacts from the very sharp cut-off of the ramp filter at v = v cut _ 0 ff. 
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FIGURE 1-49. Effects of filters and cut-off frequencies on the same reconstructed im- 
age. Notice trade-off between signal-to-noise and spatial resolution as the filter is 
changed and its cut-off value is varied. (Data courtesy of Dr. Andrew Goertzen.) 



filter cut-off at v max ; therefore, these modified filters are almost always used to 
yield acceptable signal-to-noise images. 

So far, this chapter has discussed producing a single 2-D image slice from a 
single ring of detectors. Most PET scanners, however, consist of multiple rings 
of detectors or area detectors that can provide information from many different 
locations along the axis of the patient. These scanners can acquire and recon- 
struct many parallel and contiguous 2-D image slices simultaneously and can be 
stacked to form a 3-D volume of image data. The thickness of each slice is de- 
termined by the size of the detector elements in the axial direction in the case 
of block-style detectors — the slice profile is a triangular shape, with the width of 
the base of the triangle equal to the width of the detector element. For gamma- 
camera style detectors, the slice thickness is determined by the resolution of the 
detector in the axial direction. Modern PET cameras produce 3-D image vol- 
umes that can be resliced from the transaxial orientation in which they were ac- 
quired, into coronal or sagittal views, or any arbitrary orientation that is desired. 
It is important to notice that even though 3-D image volumes are assembled in 
this manner, they are produced from a stack of independent 2-D reconstruc- 
tions. This approach only uses annihilation photons that are emitted parallel, 
or close to parallel, to the desired image section (see Two-Dimensional Data 
Acquisition, p. 46). It is also possible to use annihilation photons that 
are emitted obliquely to the desired image slices, but this requires approxima- 
tions or a fully 3-D reconstruction algorithm (Three-Dimensional Data Acqui- 
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sition, p. 48). The reconstruction of 3-D PET data is covered in Three-Dimen- 
sional Analytic Reconstruction, p. 82. 

Limitations of filtered backprojection 

Although 2-D filtered backprojection (FBP) is a fast method for reconstructing 
cross-sectional images, it has requirements that must be met to successfully re- 
construct images. FBP also has assumptions about the data that are approxima- 
tions in the real world. One major requirement for successful reconstruction us- 
ing FBP is adequate sampling. 82 Two types of sampling are of concern. The 
center-to-center spacing between samples in a row in the sinogram (sometimes 
referred to as linear sampling or projection sampling) and the angular sampling 
that is defined by the number of rows in the sinogram. Based on the sampling 
theorem, the data should be sampled with a projection sampling interval A r that 
is at least one half the highest anticipated spatial resolution of the reconstructed 
image. The highest resolution that can be achieved is dictated by the intrinsic 
resolution of the detectors combined with additional factors such as the blur- 
ring effects of positron range and noncolinearity (R sys from Example 1-9). The 
projection sampling criterion can therefore be expressed approximately as: 

A r < 0.5 X R sys (FWHM) (1-44) 

The required angular sampling depends on the diameter of the object being im- 
aged because the sampling density decreases with distance from the center of the 
scanner. Reconstructing PET data requires projection data that are acquired over 
180°. To achieve a sampling interval equal or better than Ar along the circum- 
ference of an object of diameter D over 180° requires that: 

N > 7rD/2Ar > t TD/R sys (FWHM) (1-45) 

where N is the number of angular samples. Inadequate linear or angular sam- 
pling leads to a reduction in spatial resolution and can cause artifacts in the re- 
constructed images (Figure 1-50). 

In PET systems with continuous detectors, the choice of linear and angular 
sampling intervals is made by the choice of bin size into which the measured in- 
teraction coordinates are histogrammed into a sinogram. It is, therefore, quite 
easy to meet the sampling requirements. In a stationary ring PET system com- 
posed of individual detectors, the sampling distance and number of angular sam- 
ples is fixed by the width of the detector elements and the number of detectors 
in the ring. In these systems the data are undersampled in the linear direction 
and, therefore, the projection data usually are rearranged by interleaving adjacent 
angular views to form a sinogram that has double the linear sampling and half 
the angular sampling (see Data Representation — The Sinogram, p. 50). This leads 
to a better balance between linear and angular sampling, although the data are 
still undersampled based on strict sampling criteria. To address this, some PET 
systems have a small built-in detector motion (often known as “wobble”) that al- 
lows Ar and N to be increased so that they meet the sampling criteria. 82 Some 
PET scanners have inactive or “dead” regions between detector modules or pan- 
els, leading to gaps in the sinogram data. In these regions the data are not sam- 
pled at all, which can lead to major reconstruction artifacts. This is often solved 
by rotating the detectors such that these gaps can be filled in or by using extrap- 
olation or other techniques to estimate what the missing data should be. 




LINEAR SAMPLING ANGULAR SAMPLING 



Chapter 1: PET: Physics, Instrumentation, and Scanners 



81 





FIGURE 1-50. Effects of linear (A) and angular (B) sampling on reconstructed image quality. Data at top left have sufficient sampling. (Data cour- 
tesy of Dr. Andrew Goertzen. Reproduced with permission from Cherry SR, Sorenson JA, Phelps ME. Physics in Nuclear Medicine, W.B. Saun- 
ders, New York, 2003.) 
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EXAMPLE 1-17 

A fixed ring PET scanner is made up of 512 detector elements, each 
4.9- mm wide, that are tightly packed in a 79.8-cm diameter detector 
ring. The spatial resolution of each detector is 3,8 mm. Calculate the 
required projection and angular sampling for this system for imaging 
an object that is 40 cm in diameter and compare this with the actual 
sampling intervals. 

ANSWER 

From Equation 1-44, the required projection sampling for 3. 8-mm res- 
olution detectors would be: 

Ar^ 0.5 X RgytfFWHM) ^1.9 mm 

From Equation 1-45, the required number of angular samples over 
180° would be: 

JV > ;rD/2Ar 5: 7rD/R sys (FWHM) S w X 400 mm / 3.8 mm S 330 

Based on how the sinograms for PET are defined (Figure 1 -27), Ar 
is equal to one half the detector spacing; in this case Ar — 4.90/2 — 
2.45. The number of angles in the sinogram equals half the number of 
detectors, and so in this case N = 256. This demonstrates that PET data 
are slightly undersampled, although in practice the effects of this level 
of undersampling on the reconstructed images are relatively small. 



The major drawbacks of FBP relate to assumptions that this analytic ap- 
proach makes about the detection system and the data that are collected. First 
of all, FBP is based on line integrals and assumes that the PET detectors are point 
detectors. In practice, PET detectors have finite dimensions, thickness, and res- 
olution; they measure data along a volume joining two detectors. The solid an- 
gle subtended by the detectors to points within the volume varies with source 
position, giving nonuniform sensitivity. Furthermore, FBP cannot model any of 
the other degrading factors that occur in a PET scanner, such as intercrystal scat- 
ter, positron range, and noncolinearity. Lastly, FBP takes no account of the sta- 
tistical properties of the data. It assumes noise- free data and weights all lines of 
response equally, independent of signal- to -noise. Because different angular views 
can never be completely consistent with each other due to the variation of sta- 
tistical noise from one sinogram element to the next, streak artifacts are com- 
mon unless very high count data are available for reconstruction. As this is rarely 
the case in PET, compensation is usually made by using a reconstruction filter 
that improves signal-to-noise, at the expense of degrading image resolution as 
explained in Two-Dimensional Analytic Reconstruction: Filtered Backprojection 
p. 76. 

Three-dimensional analytic reconstruction 

PET scanners operating in 2-D mode only process data that come from detec- 
tors lying in or close to the plane of the desired transverse image. Obliquely an- 
gled lines of response are rejected (either physically by the interplane septa or 
by not enabling these lines of response in the data acquisition system) as dis- 
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cussed in Two-Dimensional Data Acquisition p. 46. This does not make good 
use of the emitted radiation from a patient, in which annihilation photon pairs 
are randomly oriented and, therefore, very few of which are aligned parallel to 
the imaging planes. 3-D PET data acquisition (Figure 1-29C) involves remov- 
ing the interplane septa and acquiring data between all possible axial locations 
in the scanner. This makes better use of the emitted radiation, leading typically 
to the detection of somewhere between X5 and X 10 more events for a given ra- 
diation dose and imaging time. 42,43 3-D PET data also are usually stored in sino- 
grams, with each sinogram being characterized by an average axial location z, 
and an azimuthal angle 6 or ring difference 8 (Figure 1-51). A scanner where 
the data are binned into 32 different intervals in the axial direction would, for 
example, produce 32 2 possible sinograms, with ring differences up to ± 31. To 
incorporate the oblique lines of response into the reconstructed image requires 
that the approach described in Two-Dimensional Analytical Reconstruction: Fil- 
tered Backprojection (p. 76) be modified. 

Several approximate reconstruction methods seek to convert the collected 3-D 
data into a set of parallel transverse sinograms (0 = 0°) so they can be reconstructed 
using conventional 2-D filtered backprojection methods. The simplest of these 
methods, often referred to as single-slice rebinning , 83 takes the average axial loca- 
tion, z, of a detected event and places the event in the sinogram(s) that most closely 
corresponds to that axial position as illustrated in Figure 1-52. Along the central 
axis of the scanner, this approximation works perfectly. However, it steadily be- 
comes worse with increasing radial distance. This approach only yields reasonably 
acceptable images when the object being imaged takes up a small fraction of the 
field of view and when the axial acceptance angle (the maximum oblique angle ac- 
cepted) is small. Otherwise, significant blurring of data occurs in the axial direction 
that becomes apparent when the data are resliced into sagittal or coronal views. It 
is a very quick way to reconstruct 3-D data, as it only requires that the data are re- 
sorted into conventional 2-D sinograms and reconstructed using standard 2-D FBP. 



FIGURE 1-51. Definition of sinograms in a 3-D PET system. A sinogram is produced 
for each possible combination of axial positions in the scanner, which are defined by 
the azimuthal angle 6 (or ring difference 8) and the average location, z, from which 
the data come. The sinogram data are therefore denoted as s(r,(f>,d,z) where a separate 
sinogram is produced for each value of (Q,z) viewed by the scanner. 
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FIGURE 1-52. Illustration of single-slice rebinning in which the 3-D dataset is reduced 
to a set of parallel 2-D sinograms that can be reconstructed with 2-D FBP. All four 
lines of response illustrated would be binned into the same sinogram, as they all have 
the same value for z. These sinogram data are then assumed to come from radioac- 
tivity in the gray slice perpendicular to the scanner axis. At the center of the field of 
view, data are positioned correctly, but it is clear that the axial resolution will degrade 
significantly for sources away from the scanner axis, as data are averaged from the di- 
vergent lines of response. 



More recently, a technique known as Fourier rebinning (FORE) has been in- 
troduced. 84 The details of FORE are beyond the scope of this text, but it is based 
on a principle that relates the 2-D Fourier transform of the oblique sinograms 
(9 > 0°) to the 2-D Fourier transform of the transverse ( 6 = 0°) sinograms. Al- 
though this is still an approximate method, it yields substantially better results 
than single-slice rebinning, even for large objects and large acceptance angles, 85 
while retaining much of the advantage in terms of short reconstruction times. 
This has become the algorithm of choice for very large 3-D datasets, for ex- 
ample, those from dynamic PET studies involving perhaps 20 to 30 frames of 
3-D data. 

The gold standard for analytic 3-D image reconstruction is the 3-D repro- 
jection algorithm (3DRP). 86 It is based on an extension of filtered backprojec- 
tion methods to 3-D. However, two major differences exist between 2-D and 
3-D PET datasets, one of which creates a problem, and the second of which pro- 
vides a solution to that problem. The first difference is that the 3-D dataset is in 
some senses incomplete. In 2-D a complete set of angular data is obtained by 
having a ring of detectors or by rotating detectors around the object. The pro- 
jection dataset is complete because projections are available for <f> ranging from 
0 to 180°. In 3-D PET, an analogous situation would occur if the scanner had 
the geometry of a sphere. In this case, projections would be available for both 
(/) and 6 ranging from 0 to 180°, and all possible projection angles would be 
measured. However, PET scanners generally have a cylindrical geometry and the 
limited axial length of the scanner results in projections that are truncated in the 
axial direction (Figure 1-53). As the azimuthal angle 6 is increased, the trunca- 
tion becomes more severe. An accurate reconstruction requires that this trun- 
cation be removed for the azimuthal angles that are to be included in the re- 
construction. As it stands, the only angle for which the data are not truncated 
are the sinograms with 6 = 0° which correspond to the standard 2-D dataset. 
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The solution for dealing with this comes from the second feature of 3-D PET 
datasets — data redundancy. We have already discussed how the stack of parallel 
2-D sinograms can be reconstructed and stacked into a 3-D image volume. There- 
fore, sufficient information is contained within the set of transverse sinograms 
alone to reconstruct the image volume. If the measured 2-D sinogram data were 
noise-free, there would be no need for 3-D data acquisition and reconstruction. 
However, statistical noise dominates in PET; hence, there is good reason for want- 
ing to incorporate the data from the oblique sinograms to improve the signal- to - 
noise of the reconstructed image. Data redundancy provides the solution to the 
data truncation problem as follows. The conventional 2-D sinograms ( 6 — 0°) 
are first extracted from the 3-D dataset. Each is reconstructed with 2-D filtered 
backprojection and stacked to form a 3-D image volume. This represents a low 
statistical estimate of the image. This image volume can now be used to estimate 
the missing data and remove the truncation by adding the activity along oblique 
lines of response that were not actually measured by the scanner. This process is 
known as reprojection or forward-projection and is the inverse process of back- 
projection. In this way, the missing data are estimated, and the dataset now ful- 
fills the requirements for reconstruction by 3-D filtered backprojection. 

Reconstruction then proceeds along the lines of 2-D filtered backprojection, 
except the dimensionality of the data is increased by one. Each projection, or 



FIGURE 1-53. Truncation of projections in the axial direction caused by the limited 
axial extent of the scanner. For 0 ¥= 0 A (top), parts of the object (shaded area) are not 
sampled. These missing lines of response are indicated by the dashed lines. As 0 in- 
creases, the amount of truncation becomes worse. However, the dashed lines of re- 
sponse can be estimated by reconstructing an initial image volume (B, bottom) using 
2-D FBP of parallel sinograms {0 = 0) and then summing the activity along these lines 
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angular view, is now 2-D and represents the projection of activity in (r,z) for a 
particular value of and 0. The reconstruction filter is also 2-D and takes on a 
form dependent on the maximum azimuthal angle, 0 max > of the data used in the 
reconstruction. 87 Finally, the filtered data are backprojected through a 3-D im- 
age volume. The steps involved in 3-D filtered backprojection using the 3DRP 
can be summarized as: 

1. Extract 2-D sinograms (6 — 0°). 

2. Reconstruct each of these with 2-D FBP and stack to form 3-D image vol- 
ume. 

3. Forward project through 3-D image volume to calculate missing LORs to re- 
move truncation. 

4. Extract 2-D projection data for angle and 6. 

5. Take 2-D Fourier transform of the projection. 

6. Multiply by 2-D reconstruction filter. 

7. Take inverse 2-D Fourier transform. 

8. Backproject data through 3-D image matrix. 

9. Repeat for all angles 0 < <fi < 180° and -0 max — 0 < 0 max . 

Because of the need to compute the missing data, and the fact that back- 
projection occurs through a 3-D volume rather than across a 2-D plane, the 
computational complexity of 3DRP is approximately an order of magnitude 
higher than 2-D FBP. Nonetheless, it enables the oblique sinogram data to be 
accurately incorporated into the reconstructed image leading to significant im- 
provements in signal-to-noise. In many cases, this signal-to-noise improvement 
allows a higher cut-off frequency to be used in the reconstruction filter, leading 
to improved spatial resolution if desired. Figure 1-54 shows a comparison of 
2-D and 3-D data acquisition and reconstruction demonstrating the signal-to- 
noise gain in 3-D PET. A detailed review of 3-D reconstruction methods for 
PET, which also presents a more detailed mathematical treatment, can be found 
in Bendriem and Townsend. 88 

Iterative reconstruction methods 

The analytic techniques described above have historically been the most com- 
monly used reconstruction methods for PET. Another class of reconstruction 
techniques, known collectively as iterative reconstruction methods, offer an al- 
ternative approach. These methods are computationally more intensive than 
FBP; for this reason, they have been found to have less clinical use to date. How- 
ever, as computer speed continues to improve, and with acceleration techniques, 
these approaches are beginning to be of more general use. 

The basic idea behind iterative reconstruction approaches is summarized in 
Figure 1-55. An initial guess is made of the image distribution a*(x,y) (often a 
blank or uniform grayscale image). The next step is to calculate what projection 
data would be measured for the radioactivity distribution in the initial guess. 
The simplest way to do this is to use a process known as forward-projection. This 
is exactly the inverse of backprojection, and involves summing up all the activ- 
ity in pixels that are intersected by the line of response that corresponds to the 
measured sinogram element. Once this process is complete, we have a set of es- 
timated projection data based on our initial guess that can be compared with 
the actual measured projection data. Obviously, they will not agree because it is 
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FIGURE 1-54. Comparison of PET images of the brain acquired and reconstructed in 
A) 2-D (reconstructed with standard 2-D FBP) and B) 3-D (reconstructed with 3DRP). 
Injected dose and imaging time were the same for both studies. Notice the improve- 
ment in signal-to-noise in the 3-D study. (Reproduced from Brain Mapping: The Meth- 
ods, 2nd ed, Eds: Toga AW, Mazziotta JC, Academic Press, San Diego, 2002, with per- 
mission from Elsevier.) 



very unlikely that the initial guess of a*(x,y) is anything like the true radioac- 
tivity distribution a(x,y). Based on the differences between observed and meas- 
ured projections, the initial guess is then adjusted, and the whole process is re- 
peated. If the method by which the image estimate is updated is properly 
formulated, then with each successive iteration through this process, the image 
estimate will start to converge towards the true image. After a while, the esti- 
mated image should closely match (within the limits imposed by the statistical 
quality of the data and the resolution and sampling of the detector system) the 
true distribution of radioactivity in the object. 

There are many different types of iterative algorithms each differing in some 
aspect of their formulation and implementation. One of the factors that distin- 
guish these algorithms is the cost functions they use. The cost function is a func- 
tion that gives a measure of the difference (or similarity) between the estimated 
and measured projections and is the function that we seek to minimize (maxi- 
mize) during the reconstruction. The second important component of the al- 
gorithm is the search or update function, that is, how the image estimate is up- 
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FIGURE 1-55. Basic flowchart for iterative image reconstruction. Image estimate is for- 
ward-projected to calculate a sinogram, which is then compared with the measured sino- 
gram. Based on the difference between calculated and measured sinograms, the image 
is updated. (Reproduced from Cherry SR, Sorenson JA, Phelps ME. Physics in Nuclear 
Medicine, 3rd ed. W.B. Saunders, New York, 2003, with permission from Elsevier.) 



dated at each iteration step. The goal is to use methods that reliably converge to 
the minimum or maximum of the cost function as quickly as possible. Other dif- 
ferences between algorithms include whether and how the statistical nature of the 
data is implicitly modeled and whether any other prior information (e.g., the ex- 
pected smoothness of the image) is considered. Some algorithms also force the re- 
constructed image to be non-negative. For a concise history and review of differ- 
ent iterative reconstruction methods, refer to the review by Leahy and Clackdoyle . 79 

While simple forward-projection is the most straightforward way of calcu- 
lating the projection data from an image estimate, most iterative algorithms use 
a more sophisticated approach that models the probability that a gamma ray 
pair emitted at point a(x,y) in the object/image space is detected in projection 
element s(r,<l>). By avoiding the simplistic line integral model that is one of the 
limitations of filtered backprojection, many of the different factors (e.g., system 
geometry, object and septa scatter, detector characteristics, positron range, and 
noncolinearity) that determine whether or not a gamma ray is detected, and 
where it is detected, can be included in the reconstruction process . 89 The 
forward-projection step essentially becomes a simulation of the entire imaging 
system. This can lead to more quantitatively accurate images and improvements 
in signal-to-noise or spatial resolution. 
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Two factors make iterative reconstruction approaches much more compu- 
tationally intensive than their filtered backprojection counterparts. First, each 
iteration is essentially equivalent in time to a full- filtered backprojection recon- 
struction. Backprojection is the most time-consuming part of the filtered back- 
projection algorithm, and backprojection and forward-projection are computa- 
tionally very similar processes. Most iterative algorithms require multiple 
iterations (anywhere from 2 up to several hundred, depending on the algorithm 
and the data) to reach an acceptable image. Second, as soon as the line integral 
model of simple forward-projection is replaced by a more accurate model of 
how gamma rays are detected, the time required to compute the projection data 
increases, as many more image pixels may now contribute to a particular pro- 
jection element. A number of approximations have been developed to speed up 
these algorithms. One of the most popular is called ordered subsets , also known 
as OSEM, in which only a subset of the projection angles are used in any one 
iteration. 90 This speeds up the algorithm, as the time per iteration is directly pro- 
portional to the number of angles that need to be forward-projected. 

The most widely used iterative reconstruction approaches are based on max- 
imum likelihood (ML) methods. Likelihood , is a general statistical measure that 
is maximized when the difference between the measured and estimated projec- 
tions is minimized. The expectation-maximization (EM) algorithm is an iterative 
algorithm that maximizes likelihood under a Poisson data model. It implicitly 
treats the projection data as having a Poisson distribution determined by the 
counting statistics in each projection bin and thus takes into account the statis- 
tical noise in the data. The derivation of the form of the algorithm that is used 
in PET is lengthy and beyond the scope of this book, but the interested reader 
is referred to articles by Shepp and Vardi 91 and Lange and Carson. 92 It is in- 
structive to examine the implementation of the algorithm and to see how the 
image is updated on each iteration. 

As a starting point, the reconstruction problem can be written as follows: 

Sj = X M i,i ai (1-46) 

i 

where a z - is the activity in an image pixel i and sj is the number of counts in pro- 
jection element ;. For projection data taken with a PET camera at 128 angles 
around the object, with each projection measuring 256 elements, the index; would 
run from 1 to 32768 (128 X 256). If this is to be reconstructed onto a 128 X 128 
grid, the index i would run from 1 to 16384 (128 X 128). is a large matrix 
(32768 X 16384 in the example just given) which provides the probability that 
gamma rays emitted in pixel i will be detected in projection element ;. This ma- 
trix provides the model of the imaging system and is a much more sophisticated 
approach than simple forward-projection. This matrix can be determined by cal- 
culation, simulations, measurements, or a combination of these approaches. For 
example, a point source could be placed at a location corresponding to a pixel in 
the image to determine the counts detected in every projection element for that 
image location. This would then be repeated for all image pixels. This would be 
extremely tedious even though symmetry arguments can be used to reduce the 
number of measurements considerably. In practice, many of the geometric ef- 
fects can be calculated, and other factors that it may be desirable to include in 
the matrix (for example detector scatter), can often be simulated. 
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The ML-EM algorithm for PET can be written as: 



4 +1 = 



Mi,j Sj 

X M >'.i ^ X 



X 



(1-47) 



This equation shows how the image pixel intensity a t at iteration k + 1 is cal- 
culated based on the estimated image pixel intensity a; at iteration k and the 
measured projection counts pj. Notice that when the estimated projection data 
exactly equal the measured projection data sj that (substituting from Equation 
1-46): 



4 



+ i 



(1-48) 



and the image does not change any more. This never actually occurs in practice 
because of noise in the data and inevitable errors and approximations in M h] . 
Figure 1-56A shows the reconstruction of a phantom study as a function of it- 
eration number using the ML-EM algorithm and also shows the reconstructed 
images obtained using an accelerated OSEM approach. 

The iterative reconstruction approach has several key advantages. First, it re- 
places a simple line integral approximation of what the imaging system is meas- 
uring with a model that, if correctly implemented, accurately reflects the prob- 
ability that a gamma ray emitted at a certain location in the object is detected 
in a given projection element. This can lead to improved spatial resolution as 
demonstrated by Figure 1-56B which shows a comparison of FDG brain images 
reconstructed with filtered backprojection with a maximum a posteriori (MAP) 
algorithm (155) that contains an accurate model of the PET system used to ac- 
quire the data. Second, the sampling criteria are relaxed, in that the effect of 
missing data tends to produce lower spatial resolution, rather than streak arti- 
facts that would commonly be encountered with FBP. Third, the statistics of 
each line of response can be taken into account, with more weight being given 
to measurements that have better statistical quality. 

Generally, iterative methods can produce better signal- to -noise at a given spa- 
tial resolution than filtered backprojection methods, partly for the reasons above, 
and partly because they do not directly convolve the data by a filter that amplifies 
high-spatial frequency components such as noise. In some instances, factors of two 
improvements in signal-to- noise over FBP have been demonstrated with iterative 
algorithms, which is equivalent to a fourfold increase in the effective sensitivity of 
the scanner. Another perspective is that the same quality image could be obtained 
with iterative methods using just one quarter of the injected activity or in one 
quarter of the imaging time. The disadvantages of iterative reconstruction relate 
to the computational issues already discussed and to the fact that these methods 
are nonlinear, which can make their behavior quite difficult to predict. This un- 



FIGURE 1-56. A: Illustration of ML-EM reconstruction of a phantom study as a func- 
tion of iteration number. Also shown are images reconstructed using an accelerated 
OSEM algorithm with 4 iterations (using 16 subsets) and 8 iterations (using 16 subsets). 
The OSEM images are placed under the ML-EM images that are qualitatively of simi- 
lar quality. In this case, the OSEM required 8 to 16 times fewer iterations compared 
to the conventional ML-EM algorithm to produce images of similar quality. 
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FIGURE 1-56. Continued. B: A comparison of filtered backprojection (FBP) and max- 
imum a posteriori (MAP) reconstructions of FDG brain images. Notice the improve- 
ment in spatial resolution in the MAP images due in large part to the accurate system 
model incorporated in this particular algorithm. (Image courtesy of Dr. Richard Leahy, 
University of Southern California.) 



predictability, together with the many different possible implementations of iter- 
ative approaches, have caused a certain amount of confusion and concern, which 
has limited more widespread use. However, the option to use ML-EM algorithms 
is now found on many commercial PET cameras and powerful multiprocessor 
desktop computers, and, combined with acceleration techniques such as OSEM, 
makes reconstruction times acceptable in many instances. 
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Iterative approaches also can be easily adapted to reconstructing 3-D PET 
data, although the computational complexity increases dramatically. The matrix 
Mj t j becomes very large because of the added dimensionality of the problem and 
reconstruction times, even with accelerated approaches or specialized hardware, 
can take many tens of minutes or longer depending on the specific geometry of 
the problem. 



IMAGE ANALYSIS 

Image display 

The end result of the PET acquisition and image reconstruction is a 3-D image 
volume where each individual voxel (volume element) represents the regional 
tissue radioactivity concentration. The most common way to visualize the data 
is to display the volume as a series of transaxial cross-sectional images on a gray 
scale (or pseudo color) display, where each gray level (or color level) represents 
a particular activity concentration, or if the data are processed through a tracer 
kinetic model (Chapter 2), a specific biologic parameter. In most modern PET 
systems, the axial sampling or plane separation is fine enough to allow the re- 
orientation of the data into coronal planes, sagittal planes, or any other arbitrary 
orientation. The most common display format for clinical studies is to show 
coronal sections for whole-body imaging and transaxial sections for brain im- 
aging. It also is common to simultaneously display transaxial, coronal, and sagit- 
tal sections in which the cursor is linked between the three image windows, al- 
lowing for easy navigation through a large 3-D dataset. 

Calibration and region of interest analysis 

One of the advantages of PET over some other imaging modalities is that it can 
accurately determine the activity concentration of the radiotracer within a vol- 
ume. This can provide information that would allow, for instance, the classifica- 
tion of a lesion in terms of its metabolic rate (see Chapter 2). To do this, it is nec- 
essary to accurately calibrate the system such that it is possible to convert the 
image count density into an activity concentration, which is most commonly done 
by scanning a uniform cylindrical phantom with a known activity concentration, 
A (Bq/ml). The phantom data are then corrected for attenuation, scatter, and so 
on, and reconstructed with the same parameters that are to be used in the clini- 
cal studies. From the reconstructed images, the average count density, C (counts 
per voxel per second), within the central portion of the phantom image is deter- 
mined. Because the activity concentration in the phantom is known, the calibra- 
tion factor (CF) between image counts and activity concentration is then: 

CF = A(Bq/ml) X B.F. / C(counts/voxel/sec) (1-49) 

B.F. is the branching fraction, which is the fraction of decays that occur via 
positron emission for the radionuclide of interest. This term is necessary because 
the radionuclides used in PET do not necessarily decay by 100% positron emis- 
sion (Table 1-2). The calibration factor allows the determination of the activity 
concentration within a region in the reconstructed images. Provided that all cor- 
rections have been applied, the accuracy of this activity concentration is typi- 
cally within 5%. 
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EXAMPLE 1-18 

A region of interest analysis of a nonealibrated 18 FDG PET image re- 
sulted in an average image count of 3240 counts per voxel/sec. A uni- 
form calibration cylinder {volume 6000 ml) filled with 40 MBq 
^Ge/^Ga (branching fraction for ^Ga is 0.89— see Table 1-2) was im- 
aged earlier and resulted in an image count of 72300 counts per 
voxel/sec. Determine the activity concentration in the region in the 
18 FDG PET image. The branching fraction for l8 F is 0.97. 



ANSWER 

First determine the calibration factor CF from the 68 Ge cylinder data. 

CF = (40 MBq / 6000 ml) X 0,89 / 72300 (counts per voxel/sec) 

= 0.082{Bq ■ sec /nil ■ counts per voxel) 

To determine the activity concentration in the 18 FDG PET image, mul- 
tiply the counts from the image with the CF and correct for the branch- 
ing fraction for l8 F: 

Act, Cone. “ 3240 (counts per voxel/sec) 

X 0.082 (Bq ■ sec /ml - counts per voxel)/ 0,97 
= 274 (Bq/ml) 



The most common way to determine what the local activity concentration 
is in a PET image (or volume) is to define a region of interest (ROI) on an im- 
age, using an image analysis software package. The average voxel value within 
the region is calculated. Using the calibration factor from Equation 1-49, this 
value is then converted to an activity concentration in becquerels per milliliter. 
Because PET data sets usually are made of a stack of images that form a volume, 
a volume of interest (VOI) can be defined by connecting several ROIs defined on 
multiple contiguous planes into a single VOL By defining a VOI, the error in 
the average activity concentration due to counting statistics is reduced. 

If a dynamic sequence of images has been acquired, the ROIs or VOI that 
have been defined can be applied to the same region (or volume) on all images 
to generate a time activity curve (TAC) that shows the radiotracer concentration 
in a specific region of the body over time. This time dependent data set can then 
be used with a compartmental model to determine biologically meaningful pa- 
rameters and to construct parametric images. This is discussed in Chapter 2. 

Image segmentation 

Image segmentation is an analysis tool used in image processing that classifies 
pixel elements into regions or classes that are homogenous with respect to one 
or more characteristics. In the analysis of a CT or MRI study, image segmenta- 
tion is used to delineate different tissue types, such as the separation of gray and 
white matter areas in the brain. In the case of a PET study, image segmentation 
could aid in the determination of the extent of areas of radiotracer uptake. Im- 
age segmentation also can be used in combination with image registration tech- 
niques (see Image Registration, p. 95) where different tissue types or regions are 
identified on an image with structural information (such as an MRI or CT im- 
age). These regions are then transferred onto a spatially registered PET image to 
determine the level of activity uptake in these regions. 
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One of the primary uses of image segmentation in PET is the processing of 
measured attenuation correction scans as a method to reduce image noise. 45-47 
As discussed in Attenuation Correction p. 56, measured attenuation corrections 
are inherently noisy, and this noise propagates into the final emission image. 
Image segmentation can be used in the process of the measured attenuation data 
to reduce the amount of noise that propagates from the measured attenuation 
correction. Figure 1-57 illustrates the effect of image segmentation on a whole- 
body transmission scan. Figure 1-57A shows the reconstructed transmission 
data, in which the gray levels represent the distribution of linear attenuation co- 
efficients. The relatively high level of noise in this image is due to poor count- 
ing statistics, which, in turn, are due to the relatively short acquisition time (—15 
minutes). Using image segmentation, where pixel values within specific gray- 
scale ranges corresponding to air, lung, soft tissue, and bone are replaced with 
a fixed value or a narrow range of values, the noise in the transmission image is 
greatly reduced (Figure 1-57B). This image volume is then forward-projected to 
generate the appropriate attenuation correction factors, which will contain less 
noise compared to the original attenuation correction. 

Image registration 

Image registration refers to the process in which image volumes are realigned 
into a common anatomical coordinate space. The three main applications for 
image registration in PET are: 

1. Correction for patient motion. 

2. Correlation of PET images to other imaging modalities (e.g., MRI and CT). 

3. Comparison of image data within and between different subjects. 

A common complaint about PET imaging is that the entire procedure is 
lengthy, especially in quantitative research protocols with multiple isotope in- 
jections. Therefore, patient motion is potentially a problem. Motion during a 
scan not only introduces a loss in spatial resolution in the final image but may 
also make regional quantitation impossible in dynamically acquired studies or 
in studies involving multiple scans. A common clinical protocol for FDG brain 
imaging is to acquire data for 20 to 40 minutes following the injection and up- 
take period. For many patients, it is very difficult to remain motionless during 
the scan time, despite head restraints. Therefore, the data are collected as a se- 
ries of short frames, which can be viewed, following the acquisition, as a dy- 
namic sequence to detect patient motion. If the patient moved, then only the 
frames in which the patient remained stationary are added together, and the 
frames with motion are discarded. Although the amount of patient motion has 
been reduced, the drawback is that, by discarding data, the image noise is in- 
creased due to the lower number of counts that contributes to the final image. 
This problem could potentially be eliminated if all images are registered, prior 
to summation; thus, all the acquired information contributes to the final image. 

There are many methods for image registration and numerous articles have 
been published on this subject. An excellent overview of medical image regis- 
tration techniques is provided by Hill et al. 93 The most successful application of 
these techniques has been in the registration of brain images, where the regis- 
tration process for within subject registration is typically limited to rigid trans- 
lation and rotations of the two image volumes. The challenge in image registra- 
tion is in determining the transformation that will produce the best possible 
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A. B. 

FIGURE 1-57. A (left): Whole-body transmission image. B (right): Segmentation of im- 
age on the left in which different gray levels have been segmented out and assigned a 
narrow range of attenuation values that correspond to the known values for air, soft 
tissue, and bone. 



alignment. One method for aligning two volumes is to view them on a screen 
and manually identify common features or manually adjust registration param- 
eters until the two volumes appear to match. Using manual alignment methods, 
a trained user can relatively quickly register two image volumes within a few mil- 
limeters, provided the images are free of spatial distortion. Because manual reg- 
istration can be labor-intensive, several more or less automated algorithms have 
been developed over the years. One group of these is based on the assumption 
that the information content in the two images is similar. The main difference 
between the published implementations is in what criterion is used for deter- 
mining image correspondence (e.g., stochastic sign difference or the sum of ab- 
solute differences). 94,95 This approach is suitable for correction of patient mo- 
tion within a scan, such as in the example given earlier, or to register two image 
volumes of the same subject acquired on two different occasions. 

Many times it is desirable to register the image of the same subject obtained us- 
ing different tracers or, more commonly, to register intramodality images (e.g, PET 
to CT or PET to MRI). Intramodality registration is of particular interest as it al- 
lows the biologically specific PET signal to be mapped onto the high-resolution 
anatomy provided by MRI or CT. In these situations, the information content in 
the two data sets are typically dramatically different. Using the similarity criterion 
generally does not provide a robust solution to the registration problem. Nonethe- 
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less, robust registration methods have been developed that seek to maximize the 
overlap of the volumes or surfaces 96 or minimize the standard deviation of the ra- 
tio of the pixel intensities. 97 If the PET radiotracer has very specific uptake in a small 
fraction of the volume (e.g., [F-18]fluoro-L-DOPA in the human brain) or the im- 
ages have relatively high noise levels, these methods may fail. In these situations, it 
might be better to register the PET transmission images rather than the emission 
images; however, this assumes that the patient remained stationary between the 
transmission and emission scans. 

The most sophisticated type of image registration involves registration of im- 
ages of different subjects into a standardized atlas (e.g., Talairach space). This ap- 
plication has been extensively used in brain activation studies but also in studies 
of different types of diseases, such as dementia. Although, at a gross level, the 
anatomical and functional structure of the human brain is common among in- 
dividuals, broad deviations are seen in size and shape, and there is significant vari- 
ation in the appearance of the cortex at the gyral level. To register one person’s 
brain to another, the registration process must involve different nonrigid trans- 
formations that deforms or reshapes the brain. The main challenge here is to not 
only introduce a deformation that makes the two brains similar in shape but also 
to ensure that functional areas are registered. The process of elastic deformation 
into a common space is also sometimes referred to as spatial normalization. 98-100 
The use of spatial normalization allows the comparison of regions of brain acti- 
vation across several subjects that are given the same stimulus. 101 Spatial nor- 
malization also allows the use of a standardized ROI atlas, from which uptake in 
specific anatomical or functional areas can rapidly be extracted, thus eliminating 
the need for manual drawing of regions. 102 Several groups also have assembled 
databases of the normal uptake of a specific tracer, such as FDG, to which an in- 
dividual’s image is compared to determine areas of abnormal uptakes. This has 
been applied in the detection of Alzheimer’s disease using 18 FDG. 103 Figure 1-58 
shows an example of intrasubject image registration. 

Partial volume effects 

One of the main difficulties in the ROI and VOI analysis is to accurately deter- 
mine the activity concentration in regions or volumes that are small compared 
with the resolution of the PET scanner. This is of particular importance in the 
quantitative characterization of small lesions or structures. As discussed earlier, a 
PET system has limited spatial resolution, such that decays from an infinitely small 
point source of radiation will be smeared out and appear as a finite-sized blob 
(equal to the point spread function of the scanner) of lower activity concentration 
in the reconstructed PET image. This is known as the partial volume effect. 104 

The result of the partial volume effect is that small objects appear to have 
lower activity concentration in comparison to larger objects of equal activity 
concentration (Figure 1-59). In this figure, a set of spherical sources of equal ac- 
tivity concentration are simulated (A, top row). In Figure 1-59B, a smoothing 
filter of 10- mm has been applied in all three dimensions to simulate a 10-mm 
resolution detector system. As can be seen from the profiles (Figure 1-59C) 
through the images, the activity concentration is accurately measured in the 
larger objects, although there is smearing at the edge of the sources due to the 
limited spatial resolution. As the sources become smaller, the plateau of the mea- 
sured activity concentration in the center of the sources diminishes, and, even- 
tually, a suppression of the peak activity concentration is seen. The degree of 
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FIGURE 1-59. Simulated data showing the partial volume effect on a set of spherical 
sources (diameter ranging from 0.5 cm to 4.5 cm) of equal activity concentration (A, 
top row). Due to the partial volume effect (10-mm Gaussian smearing), the activity 
concentration in the smaller spheres appears to be lower (B, second row). The sphere 
diameter in centimeters is given above each profile (C, bottom). 



suppression is both a function of object size and the system reconstructed im- 
age resolution; it is characterized by the recovery coefficient (RC): 

Measured peak activity concentration ^ ^ 

True activity concentration 

The recovery coefficient for a spherical object as a function of object diameter, 
normalized to the image resolution, is shown in Figure 1-60. 
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Object Diameter / Image Resolution 

FIGURE 1-60. Calculated recovery coefficient for the system simulated in Figure 1-59. 
For a sphere with a diameter greater than 3 times the image resolution (FWHM), the 
activity concentration is accurately preserved. 



To accurately estimate the activity concentration using ROI analysis, it is, 
therefore, important to know the size of the object and the reconstructed im- 
age resolution. If the size of the object is approximately three times greater 
than the image resolution, a small central region of interest placed over the 
object would accurately represent the activity concentration within the object. 
The size of the ROI has to be small enough to minimize partial volume effects 
but also large enough to reduce statistical noise (by averaging across voxels). 
The curves in Figure 1-61 show the effect of the region of interest size on the 
measured activity concentration as a function of object size, normalized to the 
image resolution. As can be seen from this figure, if the size of the region is 
identical to the object size, underestimation of activity concentration will oc- 
cur. However, as the ROI size is reduced, the amount of underestimation is 
reduced. 

If the recovery coefficient can be determined, then it is possible to correct for 
partial volume effects. The recovery coefficient depends on both the physical di- 
mensions of the object and the image resolution. The image resolution of the PET 
system can be easily determined by measuring its point spread function. However, 
the dimensions of the structure or lesion of interest are in general much more dif- 
ficult to measure, with one particular problem being that they cannot easily be de- 
termined from the PET images because the extent of the structure or lesion seen 
in the PET images is distorted by the partial volume effect. 104 

The dimensions of the structure can be estimated if anatomical information 
from other high-resolution modalities such as either a registered MR or CT is 
provided with the PET image. Using this information together with the meas- 
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FIGURE 1-61. Effect of the region of interest size (relative to the image resolution R) 
on the estimated activity concentration for spheres of varying diameter. If the region 
size is large in comparison to the object size, the estimated activity concentration is 
underestimated. As the region of interest size approaches zero, the degree of under- 
estimation approaches the recovery coefficient (RC). 



ured PET image resolution, a recovery coefficient can be estimated . 105-107 How- 
ever, the problem remains a complex one, because not only is it necessary to 
correct for the apparent suppression of the activity concentration, but if the re- 
gion of interest is surrounded by tissue with radiotracer uptake, it is also neces- 
sary to correct for cross contamination or activity spillover from these sur- 
rounding areas into the region of interest due to the limited spatial resolution. 
An example of this “spillover” effect would be the contribution to the signal in 
gray matter regions of the brain from activity in the adjacent white matter, or 
the contribution of signal from radioactivity in the blood to the determination 
of myocardial activity concentrations due to the large blood pool in the heart. 
Furthermore, the radiotracer may not be homogeneously distributed in the 
structure or lesions that are of interest. A more generalized model for partial 
volume correction that accounts for the cross contamination and heterogeneous 
tracer uptake has been proposed by Rousset et al . 108 Nonetheless, in most im- 
aging situations, correction for partial volume errors are only estimates at best, 
as some assumptions are always needed. 



PERFORMANCE EVALUATION OF PET SYSTEMS 

To objectively compare the performance of different clinical PET systems, the 
National Electrical Manufacturers Association (NEMA) has developed guide- 
lines on how certain performance parameters, such as spatial resolution and 
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sensitivity, should be evaluated and presented. 109-111 The guidelines allow a 
user, in the process of selecting a PET system, to obtain a relatively unbiased 
comparison of system parameters. The ability to make these comparisons is 
probably of most importance in multicenter clinical trials where a variety of 
systems may be in use and a certain minimum performance standard is re- 
quired. The original NEMA standard focused on the system performance us- 
ing a relatively small phantom (20 cm diameter, 20 cm tall), which is appro- 
priate to use to simulate imaging brain-sized objects. Since the publication of 
the initial standard, 110 whole-body PET has become the predominant use of 
PET, at least in routine clinical practice. Therefore, the use of the small phan- 
tom does not adequately describe the count rate situation in whole-body PET 
studies. Furthermore, the short axial extent of the phantom used in the orig- 
inal standard makes comparisons of systems with large axial FOVs to narrow 
FOV systems difficult. The new NEMA standard, NEMA NU2-2001, 109 takes 
some of these shortcomings into account and adds an image quality measure- 
ment appropriate for whole-body imaging. Approaches for making a number 
of important performance measurements are outlined below. 

Reconstructed spatial resolution 

Spatial resolution measurements are made using an 18 F-point source (dimen- 
sions 1 mm or less). The FWHM and the FWTM are reported for several pre- 
scribed source positions in the FOV (Figure 1-62) so that variations in resolu- 
tion can be determined. At least 100,000 counts are collected for each acquisition 
and the data are reconstructed with a ramp filter and, if possible, a zoom that 
results in pixels of dimension of at most 0.1 X the anticipated FWHM. Three 
components of resolution are measured by taking orthogonal profiles through 
the reconstructed image of the point source: the radial and tangential compo- 
nents are in the transaxial plane defined as shown in Figure 1-62, and the axial 
component is along the axis of the scanner. 

Scatter fraction 

The scatter fraction (SF) is a measure of the contamination of the data from scat- 
tered photons, which depends on factors including the geometry of the scanner, 
the shielding (such as septa), and the energy window. The scatter fraction is de- 
fined as the ratio of scattered to total events measured at low counts rate to min- 
imize accidental coincidences and dead time. In the initial NEMA standard from 
1994, 110 the scatter fraction is estimated from data acquired with a line source of 
activity placed at different radial offsets in a cylindrical phantom (20 cm diameter, 
by 19 cm tall, inner diameter) filled with (nonactive) water. A 24-cm FOV is de- 
fined for all scanners. Profiles through the sinogram are used to estimate the num- 
ber of scattered events within the FOV and the number of true events within a 2- 
cm radius of the source (Figure 1-63). Scatter within the peak is estimated by 
assuming a constant background of scatter under the peak. The measurement is re- 
peated at three radial positions: 0, 4.5 and 9 cm. At 4.5 cm and 9 cm, the sinogram 
profile must be analyzed as a function of angle. The average scatter fraction is cal- 
culated by weighting the totals counts and scattered counts measured at each po- 
sition of the source by the relative area of the annulus at that radius (Figure 1-63): 

SF= 5(0) + 8 X 5(4.5) + 10.75 X S( 9) 

T to m + 8 X TU4.5) + 10.75 X T tot { 9) 



(1-51) 
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10 cm 



R = 0 

FIGURE 1-62. Illustration of the positioning of the point sources to measure the transax- 
ial and axial resolution in a PET system. Abbreviation: FOV, field of view. 



where S is the number of the scattered counts per unit activity and T tot is the to- 
tal number of counts (true 4- scattered) per unit activity. This measurement is per- 
formed in both 2-D and 3-D. This measurement represents the scatter fraction in 
brain imaging. In NEMA NU-2 2001, 109 the scatter fraction is defined for whole- 
body imaging. The scatter fraction is determined in a similar way with the differ- 
ence that a 20-cm diameter and 70-cm long cylinder is used. Furthermore, the 
scatter fraction is only determined for a single off-center position (4.5 cm). 

Sensitivity 

The sensitivity of a PET scanner is defined as the counting efficiency of the 
system for a known amount and distribution of activity. To measure the ab- 
solute sensitivity of the scanner, a 700-mm long, 5-mm diameter tubing is 
filled with a known amount of activity. The activity in the source should be 
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b. Offset [cm] 

FIGURE 1-63. The scatter fraction is determined from measurements of a line source 
placed within a 20-cm diameter phantom (A). The sinogram profile (B) is used to es- 
timate the number of scattered events within the FOV and the number of true events 
within a 2-cm radius of the source. Scatter within the peak is estimated by assuming 
a constant background of scatter under the peak. The measurement is repeated at three 
radial positions: 0, 4.5 cm, and 9 cm; at 4.5 cm and 9 cm, the sinogram profile must 
be analyzed as a function of angle. The average scatter fraction is calculated by weight- 
ing the totals and scatter measured at each position of the source by the relative area 
of the annulus at that radius (Equation 1-51). 



low enough to ensure counting losses of less than 1% and a random coinci- 
dence fraction of less than 5% of the true coincidence counting rate. To en- 
sure that the emitted positrons annihilate and produce a pair of 51 1-keV pho- 
tons, the source has to be surrounded by an attenuating sleeve. Although the 
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sleeve will ensure positron annihilation, it will also attenuate a fraction of the 
emitted photons, which will prevent a direct measurement of the absolute sen- 
sitivity. Instead, by successive measurements of the count rate using different 
sleeves of known thickness, the attenuation-free sensitivity can be determined 
by extrapolation. 112 This measurement is performed in the center and at a 10- 
cm radial offset in the FOV. 

Count-rate performance and dead time 

Measurements of count rate as a function of activity concentration are performed 
with a 20-cm diameter, 70-cm long, uniform cylinder phantom initially filled 
with a high activity concentration (typically 25-50 kBq/ml) and allowed to de- 
cay. The recommended radionuclide is U C because the shorter half-life makes 
the total measurement time more manageable than with 18 F. Data should be ac- 
quired until the fraction of random coincidence events and the system dead time 
are negligible. The rate of prompts (true + scatter + randoms), random (from 
delayed window) and scattered (using scatter fraction, p. 102) coincidences are 
recorded at convenient time points (e.g., 4 points per half-life). 

The deviation of the trues rate at high activity concentrations from an ideal, 
linear dependence is due to scanner (detector + electronics) dead time. The 
percentage dead time, as a function of increasing activity concentration, is de- 
fined as: %DT = 1 — T/T ex , where T is the actual trues rate and T ex is the 
trues rate linearly extrapolated from low count rate data (Figure 1-40). The 
concentration at which the dead time reaches 50% also is a measure of scan- 
ner performance (Figure 1-64). A high sensitivity scanner (e.g., one operated 
in 3-D) typically saturates at relatively low activity concentration (compared 
to 2-D), even though the maximum trues rate is higher than that of a less sen- 



FIGURE 1-64. Example of a typical dead time curve as a function of activity concen- 
tration within a 20-cm diameter cylinder phantom. The concentration at which the 
dead time is 50% should be reported. 
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sitive system which peaks at a higher activity concentration (e.g., the same 
scanner operated in 2-D). 



Noise equivalent count rate 

The count rate measurements do not directly indicate image signal-to-noise in 
the presence of relatively changing trues, randoms and scatter rates. A better 
measure of signal-to-noise is provided by the noise equivalent count rate 
(NEC), 113 defined by: 



NEC = 



T 2 

r+ S+ 2fR 



(1-52) 



where T, S and R are the true, scatter, and random coincidence counting rates, 
/is the fraction of the sinogram width subtended by the phantom, and the fac- 
tor 2 comes from on-line randoms subtraction (see Correction for Random Co- 
incidences, p. 65). The NEC provides only a global measure of the signal-to-noise 
ratio because it is not sensitive to regional variations of the source distribution. 
Figure 1-65 shows a set of typical count rate curves from a clinical scanner for 
prompt, true, and random coincidences as well as the resulting NEC count rate. 



Image uniformity 

Uniformity measures the deviations in the reconstructed image from a uniform 
response. A 20-cm diameter uniform cylinder is filled with a moderate activity 
concentration (fraction of random coincidences and dead time < 20%) and im- 
aged when positioned —2.5 cm off-axis transaxially. An average of 20 million 
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FIGURE 1-65. Example of prompt (squares), random (triangles), and true + scatter (cir- 
cles) count rate curves. The dashed curve is the resulting NEC curve calculated from 
the measured count rate curves using Equation 1 - 52 . 
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counts per slice are acquired and reconstructed with a ramp filter. A grid of 
1-cm X 1-cm regions of interest are inscribed in a circle 18 cm in diameter cen- 
tered on the image of the cylinder in each slice. Positive and negative nonuni- 
formity (NU) are defined by: 

NL7( + ) - +{C max - C ave )/ C ave (1-53) 

NU(-) = ~(C ave - C min )/ C ave (1-54) 

where C max is the maximum number of counts in any square ROI within the 
slice, C m in is the minimum number of counts, and C ave is the average number 
of counts of all regions in the slice. The necessity to collect such high statistics 
is to minimize the nonuniformity due to statistical effects and focus on those 
due to scanner imperfections, software corrections, and the reconstruction 
algorithm. 



PET SYSTEM DESIGN 

High-performance dedicated clinical PET scanners 

Dedicated PET systems have undergone dramatic changes since the first PET 
systems were designed in the mid 1970s. 112 Although the first systems could pro- 
duce images at a resolution of 1 cm to 2 cm, these were low- sensitivity, single- 
slice, small- diameter systems, using heavily collimated Nal(Tl) detectors. State- 
of-the-art, high- resolution whole-body systems now have an intrinsic resolution 
of 3 mm to 5 mm, orders of magnitude of higher sensitivity, and an axial cov- 
erage of 15 cm or greater, with a minimal amount of collimation. 114-1 18 The de- 
sign of the most widely distributed high-end PET systems is fundamentally the 
same. The detector system in these systems is based on the block detector con- 
cept (Block Detector, p. 22). Depending on the manufacturer and the particu- 
lar model, the size of the individual detector elements vary. For example, they 
are 4.0 X 4.4 mm 2 in cross-section on the ECAT HR+ (CTI/Siemens, Knoxville, 
TN) and 6X8 mm 2 on the Advance (GE Medical Systems, Waukesha, WI). 
These systems generally cover an axial field of view of 15 cm to 16 cm, produc- 
ing between 35 to 63 simultaneous cross-sectional image planes. The total num- 
ber of detector elements in these systems can be as high as 18,000. Table 1-5 
summarizes the design and performance of several commercial, dedicated PET 
systems. A photograph of a typical clinical PET scanner is shown in Figure 1-66 
and Figure 1-67 shows a whole-body 18 F-FDG PET scan acquired on a similar 
system. 

These systems all have the ability to collect data in both 2-D and 3-D mode, 
as discussed in Image Reconstruction (p. 86), where the lead septa located be- 
tween each detector ring can be removed to allow the collection of oblique co- 
incidence lines of response. These systems all have built-in rod sources that can 
automatically be extended and retracted for the acquisition of transmission data. 
These high-end dedicated systems provide the user with the maximum flexibil- 
ity in the type of PET studies that can be acquired. The large number of detec- 
tor channels allows high count rate studies to be performed with nominal dead 
time losses (especially in 2-D mode). The full ring geometry allows fast dynamic 
scans to be acquired. 




TABLE 1-5. Comparison of Several Commercially Available Clinical PET Systems 
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Abbreviations: BGO, bismuth germanate; FOV, field of view; GSO, gadolinium oxyorthosilicate; LSO, lutetium oxyorthosilicate; Nal(TI), thallium-activated sodium iodide; NEC, noise equivalent counts; NEMA, National 
Electric Manufacturers Association; PET, positron emission tomography; 3-D, three-dimensional; 2-D, two-dimensional. 
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FIGURE 1-66. Photograph of ECAT EXAT clinical PET scanner. (Courtesy of CTI Inc., 
Knoxville, TN.) 



FIGURE 1-67. Whole-body FDG 
image acquired on the GE Ad- 
vance clinical PET scanner. 
(Courtesy of GE Medical Systems, 
Waukesha, Wl.) 
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Since the early 1980s, the majority of dedicated PET systems have used BGO 
as the scintillation material. 119 Although this material has excellent absorption 
properties, the relatively long scintillation decay time (Table 1-4) limits the count 
rate performance, especially in the high counting-rate environment of 3-D whole- 
body scans. Because of this limitation, the injected dose has to be reduced when 
operating a BGO in this 3-D mode, which tends to offset the sensitivity gain. 
Recently, the first commercial whole -body system was introduced using LSO as 
the scintillation material. The speed of LSO allows 3-D scans to be acquired at 
the full injected dose, which will provide an improvement in image quality and/or 
improved patient throughput. 120 For example, whole-body scan times can be re- 
duced from about 1 hour to under 10 minutes. 

Lower cost clinical PET scanners 

The overall cost of a PET scanner is directly proportional to the number of de- 
tector modules and the amount of associated electronics. These components ac- 
count for approximately 50% of the manufacturing cost of a PET system. One 
approach to reduce the overall cost of the system is to reduce the number of de- 
tector channels. This is an approach used in the ECAT ART scanner, 121 which 
is a partial ring system (Figure 1-21, upper right) in which the detectors rotate 
to collect a complete data set. To compensate for the lost sensitivity caused by 
the reduced number of detector channels, this system has no interplane septa 
and is operated in 3-D mode only. The need for detector motion limits how fast 
dynamic frames can be acquired. 

A different approach for reducing overall system cost is to use less expen- 
sive detector technology. In the Philips/ AD AC C-PET systems, Nal(Tl) is used 
as the detector material, which is less expensive in comparison to BGO. This sys- 
tem uses continuous detectors based on curved plates of Nal(Tl) read by a ma- 
trix of relatively large PMTs (Continuous Gamma Camera Detector, p. 25). 122 
The total number of PMTs used in this design is roughly a factor of 3-4 less 
compared to PET systems based on the block design. The use of less expensive 
continuous Nal(Tl) detectors allows the construction of a system with a longer 
axial FOV, which to a certain degree compensates for the lower efficiency of 
Nal(Tl). Like the ECAT ART, the C-PET system is also a 3-D-only system. Re- 
cently, Philips/ AD AC (AD AC Laboratories, Milpitas, CA) introduced the Alle- 
gro system, where individual ~4 X 4 mm GSO crystals are mounted on an ar- 
ray of PM tubes. This is similar to the panel detector concept shown in Figure 
1-14 (bottom). GSO has both better absorption characteristics and a shorter de- 
cay time in comparison to Nal(Tl), which should provide significant improve- 
ments in both sensitivity and count rate performance. 

Coincidence imaging on gamma cameras 

Shortly after the first scintillation camera was invented in the late 1950s, it 
was proposed to use a pair of these devices, operated in coincidence mode, 
for detection of annihilation radiation. 123 Since the algorithms for tomo- 
graphic reconstruction were not yet developed, the device was restricted to 
planar imaging. With the increased availability of positron-emitting radio- 
pharmaceuticals from distribution centers in the mid 1990s, the idea of us- 
ing two conventional scintillation cameras in coincidence for tomographic 
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imaging was revived. 124 Because such a system is basically a dual-headed 
SPECT system, upgraded with coincidence circuitry, this system could then 
also be used with collimators for conventional nuclear medicine studies us- 
ing single-photon emitting radionuclides. 

One of the difficulties in using standard scintillation cameras for PET im- 
aging is that they are highly optimized for low-energy gamma ray imaging ( — 140 
keV). Because of the high energy of the annihilation radiation (511 keV), the 
detection efficiency is very poor using standard three-eighths-thick Nal(Tl) de- 
tectors. This can be compensated for by increasing the detector thickness; how- 
ever, this reduces the intrinsic spatial resolution of the detector. The count rate 
capability of these coincidence systems also is limited, which is caused by 
the fact that all detected events have to be processed through only two detector 
channels. Because these coincidence systems are operated with a minimum of 
collimation and all events have to be processed by only two detector channels, 
dead-time and pile-up effects become a serious problem at relatively low activ- 
ity levels. The end result is that the total number of counts that can be collected 
within a reasonable time frame is limited. This, in turn, requires the use of low- 
resolution filters in the reconstruction algorithm to keep statistical noise at ac- 
ceptable levels for diagnostic quality images, which may limit the visualization 
of small lesions. 

To overcome both the detection efficiency and count rate limitation of the 
coincidence systems, CTI/Siemens (Knoxville, TN) designed a hybrid PET/SPECT, 
using block detector technology as found in conventional PET systems and the 
phoswich concept (Figure 1-17, top). Using this technology, several parallel 
channels process the photon flux. To overcome the efficiency problem, this sys- 
tem uses two layers of scintillators, where a front layer of Nal(Tl) is primarily 
used for detection of the low-energy gammas from single-photon emitters. A 
second layer of LSO is used to improve the detection efficiency of the 511-keV 
photons. 125 

High-performance brain imaging systems 

Several companies and universities have developed or are in the process of 
developing high-performance research PET scanners, with a particular em- 
phasis on high resolution and high sensitivity brain imaging. The ECAT EX- 
ACT 3D (CTI/Siemens, Knoxville, TN) is a 6-ring, 3-D only version of the 
clinical ECAT EXACT HR+, resulting in an axial field of view of 23.4 cm. 126 
This is the highest sensitivity PET scanner built to date, with an absolute sen- 
sitivity at the center of the field of view of 10%, and it is largely directed to- 
wards low concentration receptor studies in the brain. Another system, the 
HRRT (High Resolution Research Tomograph; CTI/Siemens, Knoxville, TN), 
introduced a number of new features in the quest for higher spatial resolu- 
tion in the brain. 127 It combines the quadrant-sharing approach (Figure 
1-14) with a LSO/GSO phoswich detector block (Figure 1-17) that provides 
1-bit depth of interaction information. This was the first human scanner to 
use LSO scintillator and the first human PET scanner to have depth of inter- 
action capability. It is also the highest resolution commercial PET system built 
to date for human imaging, with a reconstructed image resolution as high as 
2.5 mm. Figure 1-68 shows one of the first brain studies performed on this 
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FIGURE 1-68. Brain images showing glucose metabolism acquired on the high- 
resolution HRRT scanner — the highest resolution commercial human PET scanner cur- 
rently in existence. (Image courtesy of CTI Inc., Knoxville, TN.) 



machine, showing glucose metabolism in the brain that demonstrates the as- 
tonishing detail that can now be visualized by PET. Other high performance 
brain imaging systems based on GSO detectors and depth encoding LSO de- 
tectors with photodiode and PMT readout are being developed at the Uni- 
versity of Pennsylvania 128 and Lawrence Berkeley National Laboratory, 129 re- 
spectively. 

Other human PET scanners 

A number of other prototype systems based on novel approaches or technolo- 
gies have been designed and built by research groups across the world. Most no- 
table are scanners based on multiwire proportional chambers with lead or lead 
glass converters, 35,36 a combination of BaF 2 scintillator with MWPC readout 34 
and a variable field of view BGO camera, 130 which also included an early im- 
plementation of the quadrant- sharing scheme (Figure 1-14). 

There has also been considerable interest in developing dedicated positron 
imaging systems for breast imaging. FDG-PET has been shown to have high sen- 
sitivity and specificity in the detection of breast lesions. 131 By placing detectors 
around the breast, rather than around the whole cross-section of the patient, 
sensitivity can be dramatically increased, and it should be possible to achieve 
higher resolution images at a reasonable noise level. A number of designs have 
been developed, some of which provide simple projection images through the 
breast, 132,133 others of which will be capable of some form of tomography. The 
projection-based systems are designed for incorporation into mammography or 
biopsy gantries so that coregistered mammograms can be acquired along with 
the PET data. At the present time, these systems are just entering clinical tri- 
als, 134 so the cost-effectiveness and diagnostic utility of these systems for breast 
imaging have yet to be determined. 

Multimodality PET imaging 

A major advance in the late 1990s has been the concept of combining molecu- 
lar imaging by PET with anatomic information obtained from other modalities, 
using integrated imaging systems rather than software-based approaches. 135 In 
particular, combined PET and CT scanners have been developed that enable 
coregistered PET and CT images to be acquired in quick succession. 136 The value 
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FIGURE 1-69. Fused FDG-PET and anatomical CT images from the Reveal combined 
PET/CTscanner. (Image courtesy of CTI PET Systems, Knoxville, TN.) 



of fused FDG-PET and CT images has become apparent to physicians, particu- 
larly in oncology, 137 where the correlation of anatomy (CT) and metabolism 
(FDG-PET) has become a powerful new diagnostic tool. Furthermore, the CT 
scan can be used to provide the tissue density information with which to calcu- 
late the attenuation correction for the PET images. It is expected that combined 
PET/CT systems will have important applications in radiation therapy, surgical 
planning, and guided biopsy procedures. 

A number of companies have unveiled products that combine a PET scan- 
ner and a CT scanner. One example is the Biograph/Reveal system (CTI/ 
Siemens, Knoxville, TN) which consists of an ECAT HR+ PET scanner (with 
either BGO or LSO block detectors) integrated with a Siemens Somatom EMO- 
TION spiral CT system. An example of a fused PET/CT image obtained from 
this system is shown in Figure 1-69. The Flawkeye system (GE Medical Sys- 
tems, Waukesha, WI) uses a Millenium VG coincidence gamma camera sys- 
tem with a simple CT system based on a linear detector array. 138 A new com- 
bined PET/CT system based on the GE ADVANCE PET scanner and a 
high-end, multi-plane spiral CT has also been released (Figure 1-70). AD AC / 
Philips (ADAC Laboratories, Milpitas, CA) have a PET/CT system based on 
their Allegro GSO PET system combined with a spiral CT system. This is a 
rapidly developing area in clinical PET; systems in which there is more com- 
plete integration of the PET and CT systems, in terms of the detector hard- 
ware, gantry, and the software, are to be expected. 

There have also been some early attempts at producing PET systems that are 
compatible with MRI scanners so that PET and MRI images can be acquired in 
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FIGURE 1-70. Photograph of GE Dis- 
covery LS combined PET-CT scanner. 
(Image courtesy of GE Medical Sys- 
tems, Waukesha, Wl.) 



the same setting. This research, however, remains at a very preliminary stage and 
has been limited so far to phantom and animal studies. 139 

Animal scanners 

PET has recently increased its impact in basic biological research, leveraged 
largely by the development of very high-resolution, relatively low-cost PET sys- 
tems designed specifically for imaging laboratory animals. 140 The ability to meas- 
ure a range of relevant molecular and biological processes noninvasively in an- 
imal models by PET has opened many new possibilities in animal research, both 
in research laboratories and in the pharmaceutical industry. High-performance 
PET systems have been developed for brain imaging in nonhuman primates, 141 
but perhaps the biggest advances have been in the development of systems for 
imaging small rodents, particularly mice and rats. An early system based on the 
same detectors found in clinical scanners provided an initial demonstration of 
the utility of dedicated animal PET scanners for neuroreceptor studies in the rat 
brain. 142 Since then, a number of groups have built functional prototype 
systems using a wide array of PET detector technology including avalanche pho- 
todiodes, 28,29 position-sensitive PMTs, 143-145 fiberoptically coupled multichan- 
nel PMTs with LSO scintillator, 146 and multiwire proportional chamber tech- 
nology. 32,37 Figure 1-71 shows the microPET® scanner 146,147 developed for 
small-animal imaging. This was the first PET scanner to incorporate the new 
scintillator LSO. When combined with an accurate iterative reconstruction al- 
gorithm, 148 this system can produce animal images with a spatial resolution of 
approximately 1.5 mm. FDG images of the rat brain obtained with this scanner 
and reconstructed with the MAP algorithm described by Qi et al 148 are also 
shown in Figure 1-71. 

Several companies now offer commercially available animal PET systems. 
The most widely distributed at the time of writing is the microPET® scanner 
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FIGURE 1-71. Photograph of microPET® small 
animal scanner (A, top). Coronal FDG images 
of the rat brain obtained using this system and 
reconstructed with an iterative algorithm con- 
taining an accurate system model (B, bottom). 
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FIGURE 1-72. A: Photograph of the microPET® Focus animal PET scanner with covers 
removed to reveal ring of detector modules (courtesy of Concorde Microsystems Inc., 
Knoxville, TN). B: 18 F-FDG whole-body imaging in a single mouse showing tumor 
growth (arrows) in mammary fat pads over a period of eight weeks. (Courtesy of Craig 
Abbey, UC Davis.) 



(Concorde Microsystems Inc., Knoxville, TN). This system is made up from de- 
tector modules that consist of an array of 2.2 X 2.2 X 10 mm LSO crystals cou- 
pled via a short optical fiber bundle to a position-sensitive PMT. 149 Two different 
configurations exist, one with a 26 cm diameter bore that can accommodate small 
non-human primates 149 and a rodent-only version with a 14.8-cm bore. 150 Re- 
constructed image resolution is approximately 2 mm with filtered backprojection 
and the sensitivity is 2.2% and 3.4% for the 26 cm and 14.8 cm bore system re- 
spectively at the center of the field of view. Images showing the development of 
tumors in a mouse acquired using a MicroPET® system are shown in Figure 1-72. 

A new system, called the MicroPET® Focus, has recently been developed by 
the same company and uses 1.5 X 1.5 X 10 mm crystals to improve the spatial 
resolution to around 1.75 mm, with a sensitivity of 3.4%. With MAP recon- 
struction, this system achieves images with a spatial resolution approaching 1.25 
mm. Oxford Positron Systems (Weston-on-the-Green, UK) offers a very high 
resolution animal PET system 32 called the quad-HIDAC that is based on the 
multiwire proportional chamber technology. This system achieves 1 mm re- 
constructed resolution with iterative algorithms and has stacks of detector mod- 
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FIGURE 1-73. A: Photograph of the quad-HIDAC small-animal PET scanner. B: 18 F- 
fluoride ion bone scan in a mouse acquired with this system. (Courtesy of Oxford 
Positron Systems, Weston-on-the-Green, UK.) 



ules to provide depth of interaction information, thus minimizing parallax 
errors. The sensitivity is around 1.8%. An image from this system is shown in 
Figure 1-73. 

It is clearly still possible to make significant improvements in spatial reso- 
lution and sensitivity for small-animal imaging. A number of groups are de- 
veloping detectors and systems that can realize approximately 1-mm recon- 
structed spatial resolution in all three dimensions, leading to a l-/xl volumetric 
resolution. 151-153 The combination and integration of small-animal PET with 
other modalities such as CT 154 and MRI 139 also is being explored. Finally, the 
development of detector technology for small-animal PET applications has the 
added benefit of providing a convenient testing ground for technologies that 
may ultimately also be applicable for clinical PET systems used in humans. 
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Quantitative Assay 
Development for PET 

Sanjiv Sam Gambhir 



Positron emission tomography (PET) is a novel imaging tool that permits non- 
invasive visualization of molecular (biochemical) and biological events in a liv- 
ing subject. Due to its highly unique capabilities, it permits the development of 
quantitative assays that are currently not possible using most other approaches. 
For the purposes of this chapter , the process of developing a PET assay is defined as 
the collection of approaches for the quantitative estimation of a specific molecular 
(biochemical) and/or biological process in a living subject. The approaches are a 
toolbox of sorts that helps to integrate the data obtained from PET so that quan- 
titative information about the process can be extracted from the data. The 
process of interest may be the expression of a specific gene, upregulation of a 
specific cell protein, concentration of receptors on the cell surface, decrease in 
regional perfusion, increase in glucose utilization, decrease in oxygen con- 
sumption, or a whole host of other possible events. The goal of a PET assay is 
to accurately quantitate one or more of the processes just mentioned through 
the use of novel positron-labeled probes (tracers) as well as appropriate image 
acquisition, data analysis, and data modeling methodology. 

The individual(s) developing a PET assay must closely interact with all the 
subdisciplines of PET. In fact, the position taken in this chapter will be that the 
assay developer must guide staff in all of the other subdisciplines (Figure 2-1). 
This direct interaction with other PET subspecialists is needed to: 1) understand 
the biological process to be examined; 2) develop and refine the relevant 
tracer (s), appropriate utilization of PET equipment, and data acquisition/re- 
construction methodology; 3) perform appropriate image analysis, quantitation, 
modeling, and statistical analysis; and 4) help to interpret the results and their 
potential limitation(s). In many ways, the assay developer needs to be the most 
informed about all the issues surrounding the use of PET because development 
of an assay truly requires integration of all the subdisciplines of PET technology. 

In this chapter, the building blocks of assay development are first presented 
followed by details of quantitation of PET data with a focus on compartmental 
modeling. Approaches to fit PET data to models are described. Specific assays 
for measuring molecular and biological processes are also provided. These in- 
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FIGURE 2-1. Overview of Assay Development. The assay developer is central to the 
process of validating and implementing the use of a tracer for a particular PET appli- 
cation. The assay developer must: (A) work with the biologist to understand the un- 
derlying molecular and/or biological process of interest; (B) be able to help utilize the 
biological information to help the chemists design the proper tracer(s); (C) work with 
the medical physicists to help properly acquire and quantitate PET data; (D) help cli- 
nicians and scientists to properly interpret the PET images and data. This central role 
for the assay developer helps him or her to refine the development of a specific assay. 
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elude assays for estimating the following: 1) glucose utilization with 2-deoxy-2- 
[F-18]fhioro-D-glucose (FDG), 2) regional blood flow with 13 N ammonia, and 
3) reporter gene expression with various tracers. Key questions with solutions 
are provided throughout the chapter to help integrate all of the diverse infor- 
mation. The goal is not to provide a comprehensive discussion of all models but 
rather to teach the principles of modeling biological processes for development 
of assays appropriate for PET. 



PET INSTRUMENTATION AND ASSAY DEVELOPMENT 

To develop an assay for any type of experiment, one must have a good under- 
standing of the basic principles and limitations for the instrument(s) used to ac- 
quire data for the assay under development. Details of PET instrumentation are 
provided in Chapter 1, but some specific issues for assay development are briefly 
reviewed in this section. The PET scanner can be thought of as an instrument 
that can estimate the concentration (C 0 ) of an administered tracer in a given lo- 
cation as a function of time (Equation 2-1). 

r(*x+l)A* r(i y +i)Ay r(i z +i)Az rtj + 1 

C 0 {i x ,iy,iz>h) = \ C(x,y,z,t)dx dy dz dt (2-1) 

J i x Ax fyAy J i z Az 

Note the noise free PET measurement is related to C 0 through a 3-D convolu- 
tion process that accounts for intrinsic scanner resolution and reconstruction 
method. Statistical issues usually govern the smallest amount of time (At; = 
tj + 1 — tj) that can be used to obtain a good image. Typically, at least several sec- 
onds to minutes are required. This issue is directly related to the temporal res- 
olution of PET and affects the type of assays that are possible. If the scanner is 
used to take multiple images of the same object over time (often referred to as 
dynamic imaging), then one has estimates of C Q for several time intervals (A tj) 
which may or may not be continuous and uniform. It is important to keep in 
mind that the underlying distribution C(x,y,z,t) is not directly measured; in- 
stead, space and time integrals of this distribution are estimated by the scanner. 

It should also be made clear that due to the spatial resolution limits of PET 
(approximately 1-10 mm 3 ) depending on the exact type of scanner, specific iso- 
tope used (each with its own half-life and positron range), counting statistics, 
and reconstruction algorithm, that C is only obtainable within a finite resolu- 
tion element (Ax, Ay, Az). The absolute limit for C depends on the limit of in- 
strument resolution (assuming infinite counting statistics). For example, if the 
instrument resolution is 1 mm X 1 mm X 4 mm (4 mm 3 ); then, at best , C 0 is 
only obtainable for a 4-mm 3 volume. In fact, if C is spatially heterogeneous 
within the spatial resolution limit, then there is no way to determine that spa- 
tial variance from the reconstructed image. This implies that if many cells (typ- 
ically millions) are contained within that volume, then there is no way to dis- 
tinguish potential differences in tracer accumulation between those cells. 

Another complicating physical factor for the development of a PET assay is 
that the resolution limits cause activity within a given region to be underestimated 
(partial volume effect) and activity from nearby regions to contaminate the area 
of interest (spillover effect). These issues are discussed in detail in Chapter 1. From 
an assay development point of view, these two issues must be carefully accounted 
for to accurately estimate the parameter(s) of interest. It is not that useful infor- 
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mation cannot be obtained for small objects but rather that the absolute tracer 
concentration will be underestimated. If the size of the object 
of interest is approximately twice the image resolution full- width- at-half- 
maximum (FWHM), then the partial volume effect is negligible. 1,2 The assay de- 
veloper must consider the in-plane and axial plane resolution to see if a partial 
volume effect may apply for each. Several strategies can be used to deal with the 
partial volume and spillover effects. For a partial volume, if the size of the target 
object is known (e.g., from anatomical imaging), then a correction factor (called 
a recovery coefficient) can be used to correct for the amount of underestimation 
of activity. 1-3 It is also possible in some cases to use the PET images directly to es- 
timate the size of the target object and then to correct using the appropriate re- 
covery coefficient. 4 Care should be taken to validate the recovery coefficients us- 
ing a phantom with different size objects filled with tracer, then scanned and 
reconstructed in the same way as data from the target subject of interest. Spillover 
is much more difficult to directly account for when quantitating PET data. All sur- 
rounding objects with activity (both in- and out-of-plane) have the potential to 
add to the true activity values in the object of interest. One of the most successful 
methods in dealing with spillover is to treat it as a physical parameter to estimate 
as part of a tracer kinetic model. 4 Attenuation, scatter, decay correction, and dead- 
time must also be carefully accounted for and are discussed in Chapter 1. 

Regions of interest (ROIs) typically drawn on an image are used to average 
data from the voxels contained within the ROI — equivalent to integrating 
Co(x,y,z) over space. The ROI typically contains spillover information from 
neighboring tissues and underlying blood vessels. This information becomes im- 
portant in later sections as data obtained from the ROI is modeled because it 
potentially represents the tracer in several locations, as well as in different chem- 
ical forms (due to metabolism of the tracer). Prior to attempting to quantitate 
PET data, it is important to visualize the process of tracer movement and mod- 
ification, described in the next section. 



EXAMPLE 2-1 

The use of a particular assay will require the injection of two tracers 
(labeled with two different positron-emitting isotopes) and the con- 
centration of each tracer in tissue regions needs to be estimated. Is this 
type of assay possible using PET? 

ANSWER 

This assay is possible as long as both tracers do not need to be injected 
simultaneously for a given assay. Because both positron emitters will 
eventually lead to two 511-keV gamma rays (even if two distinct iso- 
topes are used), the PET camera cannot separate the signal from each 
tracer. However, if the underlying assay allows, one can inject one 
tracer, estimate its concentration with PET, let it almost completely de- 
cay, and then inject the second tracer and estimate its concentration. 
In some cases, it may also be possible to extract the concentration of 
the two tracers with simultaneous injection if the half-lives of the two 
isotopes are sufficiently different and noise levels are not prohibitive 
to allow mathematical separation. 
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TRACER THOUGHT EXPERIMENT 

For purposes of this chapter, the PET tracer is defined as a molecule labeled with 
a positron-emitting isotope that is injected or otherwise introduced into a liv- 
ing subject in nonpharmacological (trace) doses. Trace doses are those that usu- 
ally lead to no more than 10% target occupancy or no more than 10% of the 
competitive substrate concentration. Further issues surrounding the exact choice 
of tracer are described in Chapter 4 and in Desirable Properties of Molecular 
Imaging Probes (p. 158). It is often useful to begin the process of assay devel- 
opment by conducting a virtual experiment in which the investigator pretends 
to become the tracer. This activity forces one to think about all the regions where 
a given tracer can distribute and the mechanisms of tracer movement between 
the various areas. Furthermore, this thought experiment also allows one to bet- 
ter understand what chemical modifications occur to the tracer (if any), what 
other molecules play a role in that modification, and what other molecules may 
compete for various processes. 

For example, if the assay developer pretends to be molecules of a well- 
understood tracer such as deoxyglucose labeled with Fluorine- 18 (FDG), he or 
she can experience this tracer thought experiment in detail. FDG, an analog of 
glucose, has been used extensively to assay for glucose utilization in various tis- 
sues. Further details of FDG can be found in FDG Assay (p. 161) and in Chap- 
ter 4. The injection route of most tracers such as FDG is intravenous, but some 
tracers can be delivered through inhalation or other approaches. From the time 
the assay developer (as labeled molecules) is injected into the intravenous blood 
pool, he or she has several possibilities: remain in plasma, enter into the circu- 
lating blood cells (e.g., white and red blood cells), and/or be bound to plasma 
proteins. He or she can move between all of these components while flow is oc- 
curring within the blood vessel to be pushed through the circulatory system. If 
in the plasma, he or she can leave the blood vessel by potentially moving into 
the interstitial space (the space between cells). From the interstitial space, spe- 
cific cells present in tissues can be entered or return to plasma. In the case of 
FDG, movement between most blood vessels and the interstitial space and into 
cells is via facilitated transport. Once inside these cells, he or she can be metab- 
olized by specific enzymes or leave the cell to return to the interstitial space. In 
the case of FDG, he or she can be phosphorylated (metabolized) by hexokinase 
type II. When in the phosphorylated form, leaving the cell is not easy (because 
of being negatively charged). He or she can potentially be dephosphorylated 
through various intracellular phosphatase enzymes, but this reaction is very slow 
for FDG-6-P. Thought must be focused on special restrictions. For example, for 
FDG, as molecules once he or she enters the renal system and is secreted into 
renal tubules he or she cannot be reabsorbed because FDG (unlike glucose) is 
not a substrate for active transport (reuptake) in the renal system. FDG will en- 
ter the ureters and then the bladder and is then eliminated through urination. 
Also, for FDG, transport across the blood-brain-barrier is possible because of 
the presence of glucose transporters, which is not the case for many tracers that 
have restricted transport across this barrier. 

For all of these processes above, we must keep in mind what mechanism(s) 
transport molecules from one region to another. For example, what carrier(s) if 
any takes the molecules from the vascular or the interstitial space to the intra- 
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cellular present space? Please keep in mind that these tracer molecules are not 
the only molecules present on the journey through the body. For example, when 
transported or phosphorylated by hexokinase type II, he or she (as FDG) will 
see that glucose is competing for transporter sites or phosphorylation by hex- 
okinase. Also keep in mind that physiological conditions (e.g., blood flow) can 
limit the ability to reach certain sites within the body. 

This simple thought experiment illustrates the complexity of modeling the 
journey of a tracer and is very important to perform for each new tracer stud- 
ied. Often, much is known about the parent molecule (e.g., glucose) of whom 
the tracer (FDG) is a relative. An assay developer can, therefore, start by doing 
a thought experiment for the parent molecule. After performing the thought ex- 
periment, one can determine what type of quantitation (if any) is needed for a 
given assay. It may be important to determine the rate of phosphorylation of 
FDG, or it may be sufficient for a given application for one to know the con- 
centration of FDG and FDG-6-P in a given location. Issues centered on quanti- 
tation approaches are discussed in the next section. 



QUANTITATION OF PET DATA 

A reasonable question to ask in the development of an assay is if any quantita- 
tion is really needed. Never assume that quantitation and assay development are 
a necessary part of all PET imaging studies. 5,6 In some applications the PET im- 
age alone may be sufficient [e.g., a brain scan with FDG to evaluate for a dis- 
tinct hypometabolic pattern found in Alzheimer’s dementia (see Chapter 7). Ide- 
ally, qualitative applications of a tracer should occur after quantitative studies 
are performed so that the behavior of the tracer is well characterized and used 
within this knowledge base. Qualitative approaches are often used for practical 
reasons (e.g., high-throughput routine clinical applications). 

Most of this chapter focuses on applications in which some level of quanti- 
tation is desired for the development of the assay. In the next section, the chap- 
ter begins with semiquantitative approaches and then progresses to more rigor- 
ous tracer kinetic modeling approaches. 

It is sometimes the case that estimating the concentration of tracer is suffi- 
cient, and, therefore, a full kinetic analysis of tracer is not needed. Additionally, 
sufficient information regarding the tracer may not be present for the proper 
formulation of a tracer kinetic model. Often assays are initially developed using 
semiquantitative measures and then eventually refined with full tracer kinetic 
analysis. The simplest semiquantitation approach is to estimate the concentra- 
tion of tracer in a given region from the PET images by using an ROI analysis. 
This approach may be sufficient or one may need to proceed further. 

One can calculate the concentration of tracer in a given ROI relative to an- 
other ROI (e.g., in the striatum of the brain relative to the cerebellum). This ra- 
tio approach is particularly attractive because both the numerator and denom- 
inator have calibration factors which cancel out so all one needs to do is draw 
ROIs. 

The percent injected dose per gram of tissue (%ID/g tissue) can also be 
a useful parameter and is calculated by using Equation 2-2. The %ID/g tissue 
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is the percent of the injected dose of activity that is in a gram of tissue being 
analyzed: 

%iD/ g = c T • -Jrr • 77- • 100% (2-2) 

Wj L>inj 

C T is the radioactivity in the tissue region with the unit of mCi/cc tissue; it is 
obtained from the PET images by taking the counts/pixel/time from a PET ROI 
and converting to mCi/cc tissue using a cylinder calibration factor. W T and V T 
are the weight and volume, respectively, and their ratio produces the density of 
that region. D In j is the dose injected with the unit of mCi. The density of tissue 
is often assumed to be ~ 1 cc tissue/g tissue. The %ID/g tissue is a way of nor- 
malizing the signal imaged at a given location for the amount of tracer injected 
into the subject. It can range from zero to a value that can exceed 100% if a large 
fraction of the injected dose accumulates into a site with a mass less than 1 g. 
The %ID/g tissue can be inaccurate if all of the injected dose is not available to 
the entire area of the subject (e.g., due to tracer extravasation into tissue at the 
site of injection). The %ID/g tissue as well as most other approaches just men- 
tioned does not directly account for the mass of the subject or competition of 
extraction of tracer from various tissue sites relative to the target tissue site. The 
%ID/g is a relatively crude normalization approach, but it is easy to calculate 
making it one of the more common approaches used. 

The standardized uptake value (SUV) is quite often used as a semiquantita- 
tive measure of describing PET data and is given as Equation 2-3. It is related 
to %ID/g tissue but also normalizes for the mass or surface area of the subject. 7-9 
Variations that occur with the use of SUV have been described in the litera- 
ture. 7,10 The SUV can also be subject to: 1) error if not all of the injected dose 
is available to the circulation due to extravasation of tracer, or 2) the same vari- 
ability as %ID/g tissue, except for the mass of the patient. W s is the weight of 
the subject in the unit of g: 



suv= c r - 



v T 

vvy 



1 

Dinj 



W s 



= %ID/g tissue • W s 100 



(2-3) 



EXAMPLE 2-2 

A patient weighing 70 kg is given 15 mCi of a tracer via a vein in the 
hand. Approximately I hour later, a PET image is obtained to image 
the liver region. This decay-corrected image shows a 3 cm X 3 cm X 
2 cm region of increased radioactivity. A ROI drawn on this area of in- 
creased radioactivity shows 0.0005 mCi/cc tissue (after converting 
counts/pixel/sec to mCi/cc based on a cylinder calibration factor). The 
image resolution (FWHM) is 8 mm in each dimension. What is the 
%ID/g tissue and the SUV for this region of increased activity? 

ANSWER 

Because the size of the area of increased activity is larger than twice the 
image resolution (0.8 X 2 — 1,6 cm) in each dimension, there is no 




132 



PET: Molecular Imaging and Its Biological Applications 



need for partial volume correction (e,g„ the recovery coefficient 
(RC) = 1 X 1 X 1 = 1). See Chapter 1 for more details on the recov- 
ery coefficient, 

%lD/g tissue = ( (0,0005 mCi/cc X lcc/g)/( 15 mCi)) X 100 

= 0,0033 %ID/g 

SUV = (0,0005 mCi/cc X Icc/g) X (1/(15 mCi)) X (70,000 g) 

= 2,33 (a unitless parameter) 



TRACER KINETIC MODELING OF PET DATA 

All of the previously mentioned approaches are considered semiquantitative be- 
cause they do not directly model and take into account variations from differ- 
ent processes of tracer delivery, uptake, trapping, competition with other mol- 
ecules, and routes of clearance. Formal tracer kinetic modeling of a PET tracer 
can be used to develop more theoretically rigorous assays. Tracer kinetic mod- 
eling has its roots in pharmacokinetics; therefore, a brief review of pharmaco- 
kinetics is provided: 

Pharmacokinetics is a relatively old and large field of study that arose out of 
the need to predict the concentration of drugs in blood and tissues. 11,12 Much 
of pharmacology has been driven by the need to arrive at optimal drug dosing, 
frequency of dosing, and drug concentration safety windows. Pharmacologists 
through sampling the blood concentrations of a drug have therefore developed 
methods to make predictions based on blood time-activity curves. 11 Fitting of 
pharmacokinetic data is usually performed with a variety of model assumptions. 
The goals are not to find a correct model but one that accurately predicts drug 
concentrations under new exposure conditions or in another experimental sub- 
ject. These approaches have limited capability to determine the dose of the drug 
delivered to the target in tissue. PET provides the unique opportunity to make 
available not only the blood time-activity data but also regional tissue time-ac- 
tivity data. These data allow a dramatic improvement in performing pharmaco- 
kinetics. One key difference is that in PET experiments, very low nonpharm- 
acological doses of the tracer are introduced into the subject. Therefore, phar- 
macokinetic models when used with trace levels of drug or tracer are referred to 
as tracer kinetic models. Tracer kinetic modeling, however, borrows a lot of tools 
from pharmacokinetic modeling and is described in detail next. Of course, these 
two modeling environments merge when the mass of the tracer is intentionally 
increased to provide kinetic assays under pharmacological conditions. 

Tracer kinetic models can be classified as noncompartmental, 13-15 com- 
partmental, 15-17 or distributive. 18,19 The noncompartmental approaches tend to 
be the simplest, the compartmental models are intermediate in complexity, and 
the distributive models are the most complex. For most PET analysis, compart- 
mental models have become the model of choice, primarily because they are 
simpler to implement and often provide adequate parameter estimates. Com- 
partmental models also tend to match how we see the problems to be studied; 
that is, compartments for blood, tissue, a biochemical reaction, a ligand- receptor 
interaction, expression of mRNA, and so on, with transport or reactions of trac- 
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ers between compartments. Before discussing compartmental models further, 
the other two approaches are briefly reviewed. 

Noncompartmental modeling 

Noncompartmental approaches do not require the explicit knowledge of the var- 
ious locations or metabolites of a tracer of interest. These approaches are also 
referred to as model-independent approaches or statistical moment analysis. The 
entire body or system of interest is viewed as one large black-box into which 
tracer is injected and must eventually leave (Figure 2-2). The fundamental prin- 
ciples that govern these approaches are: (1) conservation of matter, (2) as- 
sumption of steady state for all parameters of interest (e.g., flux of substrates 
across membranes, blood flow, concentration of molecular constituents of cells, 
and so on), (3) linearity with regards to the input. The latter means if two in- 
puts are applied separately and produce two outputs, then if both inputs are si- 
multaneously provided, the output is a linear combination of the two individ- 
ual outputs. The noncompartmental approaches can be useful as starting tools 
for predicting general tracer concentrations in tissues or other parameters of in- 
terest. Quite often, useful parameters can be extracted from the area under the 




FIGURE 2-2. Noncompartmental Modeling. 
In this approach, no assumptions are made 
about the underlying structure of the model. 
The tracer is introduced into the body (IN) 
which is treated as a black box, and tracer 
eventually leaves the body (OUT). 
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plasma concentration versus time curve. For example, the clearance of tracer 
from the body is the ratio of the dose to the area under the plasma concentra- 
tion versus time curve. Further details of the noncompartmental approaches are 
covered elsewhere. 15 A specific example of using a noncompartmental approach 
for radiolabeled anti-cancer drugs has been published by Meikle et al. 20 

The central volume principle is a critical noncompartmental concept and helps 
to relate the mean transit time (t) to blood flow (F) and the system volume (V). 
Consider a rigid tube with volume V in which a fluid flows with flow rate F. If 
a small amount of tracer is introduced at some point A at time zero into the 
tube, then the tracer will eventually be detected at some point B further along 
the tube. Not all of the tracer will arrive at point B at the same time. Instead, 
the arrival time will spread out because of different path lengths and velocities 
for each individual tracer molecule. If the flow in the rigid tube is reduced, the 
tracer time-concentration curve at point B will be further spread out. If one de- 
fines the mean transit time (r) as the average time taken by all the tracer mole- 
cules to go from point A to B, then it can be shown that r = V/F. 21 This simple 
experiment is a good example of a tracer experiment and does not involve for- 
mal compartmental modeling. It also illustrates why the term kinetics is often 
linked with the use of a tracer. 

Distributive modeling 

Distributed models use capillary beds to model concentration of tracer in the 
blood and in the extravascular (regions excluding the vasculature) spaces. 18,19 
Partial differential equations are used to model the tracer kinetics, and concen- 
tration of tracer along a capillary bed are explicitly modeled. This contrasts with 
compartmental models which do not model concentration gradients within the 
blood and use simpler differential equations to describe the kinetics of tracers. 
These models can be useful in various applications, but for PET data, compart- 
mental models are more convenient and more widely used. For examples of PET 
distributive modeling please see the article by Bassingthwaighte and Holloway. 22 

Compartmental modeling overview 

Compartmental models attempt to describe the kinetics of an underlying process 
through the use of interconnected pools of a tracer in a particular form or space. 
For example, a pool can represent the location of a tracer in blood or can rep- 
resent an enzyme-mediated reaction to yield metabolites of the tracer no mat- 
ter where their physical location is. The reader should not confuse the use of the 
term pool with a specific location. A pool is a mathematical abstraction which 
represents a particular form or location of tracer that behaves in a kinetically 
equivalent manner. Compartmental models are usually drawn as boxes that are 
connected by arrows (Figure 2-3), which represent the movement of tracer be- 
tween compartments. 

The interconnections that govern the movement of tracer between pools can 
be linear or nonlinear. Linear interconnections are often constant values which 
can vary from tissue region to region but are not dependent on tracer mass or 
time. Although most physiological and biochemical processes are nonlinear, as far 
as tracers are concerned they often behave linearly (or approximately linearly) with 
regards to transport or chemical reactions. 23 This behavior is primarily due to the 
fact that the mass of tracer is typically much less than its natural counterpart (see 
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Appendix for this chapter). The fundamental property that governs a complete 
tracer kinetic model is mass balance, which means that the rate of change of mass 
for a given compartment must equal the net mass coming in per unit time into a 
pool minus the net mass leaving per unit time. It is often convenient to write equa- 
tions that govern a particular compartment in terms of mass balance (instead of 
concentrations). These complete sets of equations are often referred to as state 
equations. 

The structure of a particular compartment model along with the input func- 
tion determines the tissue response as shown in Figure 2-3. This is important be- 
cause the two major factors that determine the tracer kinetics in tissue are the in- 
put function and model structure. Both must be known to obtain the tissue 
response. In all cases, the tissue response is obtained by convolving the input func- 
tion with the solution to the model equations for a unit impulse input function. 
If a true impulse is used, then the tissue response is just the impulse response (see 
One-Compartment Model, p. 147). The model impulse response function is char- 
acteristic of the model and can be used to scale other arbitrary input functions. 
Alternatively, the model structure can be deduced from deconvolving the input 
function from the measured tissue time- activity curve. This may not lead to a 
unique model, but it can identify the number of compartments under ideal con- 
ditions of no noise. As one gains experience in building and fitting tracer kinetic 
models, it becomes possible to predict the shape of the tissue time-activity curve 
based on a given model and input function. For example, if the model has effec- 
tive trapping of the tracer (a compartment exists in which there is tracer moving 
in but little to no tracer leaving), then the tissue time-activity curve should be in- 
creasing as long as the input function remains nonzero. For more complex mod- 
els [e.g., intermediate compartment (s) between the input and tissue compart- 
ment] , the tissue activity can decrease for a time and then also increase. 



EXAMPLE 2-3 

Two patients are given the exact same dose of PET tracer delivered via 
an infusion pump over 15 seconds into a vein in the hand. The meas- 
ured arterial input function is different between the two patients. How- 
ever, the tissue curve is almost identical between the two patients. How 
is this possible if the same tracer kinetic model can be used for each 
patient? 



ANSWER 

The reason that the measured input function can be different between 
the two patients is that the factors effecting extraction of tracer from 
the blood (e,g„ renal extraction) can be very different even though the 
same bolus is given. The reason the tissue curve can be the same even 
though the input function is different is that the underlying model pa- 
rameters (e.g., rate constants) for the two patients can be quite differ- 
ent, leading to the same tissue response curve even in the presence of 
distinct input functions. 



The process of tracer kinetic modeling is iterative (Figure 2-4) and requires 
constant revision based on new experimental evidence. The modeling process 
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FIGURE 2-4. Tracer Kinetic Mod- 
eling Overview. The use of com- 
partmental models for develop- 
ing a PET assay is a step-by-step 
process that begins with charac- 
terizing the goals of the assay. 
First, goals must be defined (e.g., 
what underlying biochemical pa- 
rameter needs to be estimated). 
Then, a good understanding of 
the underlying biochemistry and 
biology involved must be under- 
taken. After this, potential tracers 
can be selected that may help to 
study the underlying process. 
Next, a comprehensive model is 
developed using the tracer 
thought experiment (see Tracer 
Thought Experiment, p. 129). 
This comprehensive model must 
then be reduced to a workable 
model with a limited number of 
compartments. As the model is 
then simulated and used to fit 
PET data, one must biochemi- 
cally validate the model itself. Fi- 
nally, the model is ready to be 
applied for estimation of param- 
eters of interest. Usually, analy- 
sis of real data reveals limitations, 
and the process can be refined by 
starting over and selecting a bet- 
ter model and/or a better tracer. 




also usually helps to guide future experimentation. Each step in the process in- 
volves coordination between different groups of the PET team (Figure 2-1) and 
should truly be a team effort. 

In general, tracer kinetic models cannot be developed from tracer kinetic 
measurements alone. Biochemical and physiological measurements and a priori 
knowledge must be utilized to determine the model structure. Kinetic measure- 
ments then can determine whether the biochemically and physiological struc- 
ture of the model is valid. In addition, once an accurate compartment model 
has been validated, then tracer kinetic measurements can provide very accurate 
estimates of the biochemical and/or physiological parameters. 

Steady state issues 

In most tracer experiments, the goal is to study the underlying molecular (bio- 
chemical) /physiological process under conditions of approximate steady state. 
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The definition of approximate steady state is that the rate of change of a specific 
process with respect to time is negligible or zero. In reality, no biological process 
is ever under true steady state (e.g., blood flow is not constant but changing be- 
tween diastole and systole in the cardiac cycle). However, for most tracer ex- 
periments, the system under study is effectively in steady state and one attempts 
not to perturb a steady state. One should also keep in mind that although the 
process to study is in effective steady state, it is usually important to model the 
tracer during the time in which the tracer is not in steady state. For example, a 
tracer may initially exist only in plasma, moving into the interstitial and cellu- 
lar spaces, and proceeding through chemical reactions. The changing concen- 
trations within these different regions represent the kinetics by which tracer ki- 
netic assays are performed. The differential equations that govern the mass (or 
concentration) of tracer in tissue in fact reflect this because they start with the 
rate of change of mass of tracer with respect to time (see Three-Compartment 
Model, p. 149). Solutions of the compartmental model at the steady state of the 
tracer can easily be obtained even if the general time-varying solution is not 
known. 

Tracer administration 

A tracer can be administered via several routes (e.g., intravenous, inhalation, and 
so on), but by far, most PET tracers are introduced intravenously with an ad- 
ministration time of several seconds. The exact rate of administration for a tracer 
is usually not important because for many models the blood concentration of 
tracer is measured over several minutes, and the lack of true equilibrium in the 
early time points is not critical. Most tracers are evenly distributed in the blood 
pool within a few minutes after intravenous injection. 

Perfusion and flow 

The tracer is delivered to a given region of tissue as determined by some meas- 
ure of perfusion (ml/min/g) often denoted by the variable F. Often, this is in- 
correctly referred to as the flow rate (ml/min): flow and perfusion are different. 
Blood flow is the rate at which blood flows through vessels in volume/ time. Per- 
fusion is blood flow per mass of tissue. Measures of blood flow use tracers that 
remain in the vasculature, while, for perfusion, tracers that diffuse from vascu- 
lature into tissue are utilized. Because diffusion of tracer occurs primarily at the 
capillary level, perfusion is reflective primarily of capillary perfusion (e.g., at the 
level where nutrients pass from blood to tissue). Perfusion of tissues becomes 
important because as one attempts to model biochemical processes, one must 
keep in mind that there may be a restriction to tracer availability due to deliv- 
ery. For many PET tracer kinetic models, one does not explicitly see a perfusion 
term in the model. This is because the perfusion term is modeled as part of a 
rate coefficient (e.g., K x in the FDG model which depends on both blood flow 
and capillary permeability). In other models, perfusion is explicitly modeled be- 
cause it is one of the parameters that is to be estimated. 

Input function 

The term input function usually refers to blood time- activity concentration 
(TAC) data (Figure 2-5). It is referred to as an input function because the arte- 
rial blood delivers the tracer to all tissues of the body. In addition, the blood 
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FIGURE 2-5. Blood and Tissue Time-Activity Curves (TACs). The blood TAC (A, left) 
represents activity in whole-blood or plasma and serves as an input into the tissue com- 
partments. It is also referred to as an input function and tends to peak relatively early 
in time after intravenous injection of the tracer. It then decreases because tracer is di- 
luted in the total blood pool and extracted from the blood into various tissues. It is also 
often cleared by the kidneys. The blood TAC can be obtained from direct blood sam- 
pling or from PET images of blood pool (e.g., left ventricle). The tissue TAC (B, right) 
is obtained by placing a region of interest on a set of dynamic PET images and repre- 
sents the tracer and its potential labeled metabolites. Usually, blood vessels also tra- 
verse the ROI so that a portion of the blood TAC can be superimposed on the tissue 
TAC. In regions where tracer is being trapped, the tissue TAC will increase as shown 
above. In regions where tracer is not trapped, the tissue TAC can peak and then de- 
crease over time similar to the blood TAC. Each tissue point represents the integrated 
activity from the PET scanner over a period of time and is often plotted at the mid- 
point of the time acquisition interval. 



TAC drives the rest of the tracer kinetic model by serving as an input for the 
rest of the model. In many experimental processes, it is inconvenient to meas- 
ure the blood TAC directly; therefore, it is predicted based on injecting a known 
mass of tracer into blood. 16 It is important to determine the arterial blood con- 
centration as a function of time ( C a {t )) of a tracer because this is the concen- 
tration that feeds into various tissues. The venous concentration is not in gen- 
eral equal to the arterial concentration and is, therefore, less desirable. It is 
important to notice that the desired input function is for the original injected 
tracer. If metabolites are present in the blood, then one must correct for these 
to obtain the true desired input function. Mathematical approaches for correct- 
ing the input function have been studied. 24 

For PET assays, the input function is usually obtained in one of several ways: 
1) direct arterial sampling of the blood in order to estimate C a (t); 25 2) hand- 
warmed venous blood in order to estimate C a (t). Hand- warming dilates the ar- 
terial and venous vessels and in effect arterializes the venous blood, 25 allowing 
one to sample blood from hand veins, which are much easier to sample, and, 
therefore, estimate the C a (t); 3) estimation of C a (t) can also be obtained by dy- 
namic PET imaging of the left ventricle, left atrium, or major arterial blood ves- 
sel (e.g., abdominal aorta). 26 ’ 27 These image-based approaches have the advan- 
tage of being noninvasive but always need to be initially validated for a given 
tracer by comparing the input function derived from PET images with those 
derived from direct blood sampling from blood vessels or left ventricle. 28 The 
imaging approach also samples tracer in whole blood rather than in plasma. 
It is also important to: 1) remember that if a PET-based approach is used, one 
is really measuring the input function over a time period (see Equation 2-1) 
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and not at any specific time point, and 2) perform sampling more frequently 
during early time periods when the concentration is usually changing more 
rapidly. 

In addition, it is important to keep in mind that there can be and generally 
is a difference between the whole-blood and plasma concentration of a partic- 
ular tracer because for an image-based approach, one is always obtaining the 
whole-blood concentration of tracer, whereas for a sampled approach one has 
the option of spinning down the whole-blood to separate plasma from whole- 
blood. A tracer kinetic model generally uses the plasma component of the blood 
TAC to feed into the other compartments of the model. Only tracer in the plasma 
has the potential to directly leave the intravascular space. Tracer in blood cells 
would have to first come out of the cells and into the plasma prior to exiting the 
vascular space (e.g., radioactive oxygen bound to hemoglobin in red blood cells). 
It is, therefore, important to determine whole-blood and plasma concentrations 
of tracer as a function of time in each species studied and to use the plasma con- 
centration in the tracer kinetic model. If a relatively fixed ratio exists between 
whole-blood and plasma (independent of time), then one can use the noninva- 
sive image-based approach to obtain the whole-blood value and correct it to ob- 
tain the plasma value (based on hematocrit). 

Also, the measured input function is only an approximation of the input 
function at the site of tissue of interest. For example, if the input function is 
measured from a hot vein in the navel or artery, but one is modeling tissue ki- 
netics in the brain, a difference may exist between the measured input function 
and the one desired in the brain (due to differences in delay and dispersion from 
the site of injection to the sampling site in the hand versus the brain). Depend- 
ing on the exact assay, it may be important to model this delay and disper- 
sion. 29-31 Methods to simplify quantitation by not directly obtaining the input 
function are also sometimes useful if directly validated against approaches that 
use the input function to determine what loss in accuracy occurs for estimated 
model parameters. 32,33 Issues focused on optimal times to sample the input func- 
tion can also be important and have been studied. 34 

Tissue time-activity curves 

One of the most unique features about PET imaging is its ability to provide re- 
gional tissue time-activity curves (Figure 2-5). These curves would be very dif- 
ficult to obtain using any other method because of the inability to repetitively 
sample all tissues of interest. The tissue time-activity curve is actually composed 
of several curves. Most tissue regions contain blood and extravascular and in- 
tracellular spaces. Therefore, the tissue TAC contains a part of the blood TAC. 
This fraction of the blood curve is sometimes referred to as spillover, not to be 
confused with the physical spillover due to resolution-related effects (see Chap- 
ter 1). In practice, all forms of spillover are often lumped to estimate the com- 
bined spillover fraction. 4 Furthermore, the tissue TAC is a measure of total ra- 
dioactivity and does not separate out tracer from metabolites (if any). The 
separation of the tracer and its labeled metabolic product(s) must be obtained 
from the kinetics of the tracer moving through transport and biochemical reac- 
tion processes. A vascular compartment can be included in the tracer kinetic 
model to account for the vascular TAC in tissue. Most investigators use decay- 
corrected blood and tissue time-activity curves, but for specific models more ac- 
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curate model parameter estimates may be possible by using nondecay corrected 
curves and accounting for the decay within the mathematical model. 35 In some 
cases, it may also be important to account for heterogeneity within an ROI (e.g., 
FDG uptake in a tumor) so that more accurate model parameter estimates may 
be obtained. 36 Methods that use factor analysis and related techniques to sepa- 
rate spillover components between time-activity curves have also been exten- 
sively studied. 37-41 - 

Tracer extraction 

Understanding the process whereby tracers leave the blood pool at the capillar- 
ies is important in developing a quantitative assay. Tracer concentration enter- 
ing at one end of the capillary (C a ) will not in general have the same concen- 
tration as at the other end (C v ). Some fraction of the tracer is extracted into 
tissue across the capillary bed while the unextracted fraction remains behind and 
flows forward. The unidirectional extraction fraction is the fraction of tracer ex- 
tracted from the blood into tissue. The net extraction fraction is different and 
refers to the arteriovenous concentration difference divided by the arterial con- 
centration (C fl — C v )/C a (Figure 2-6). 

When the tracer arrives in the capillaries, some fraction of it is extracted 
across the capillary walls. The fraction of tracer which is extracted from the 
capillaries is referred to as the unidirectional extraction fraction ( E ) and is a 
unitless parameter. The unextracted fraction is washed away in venous blood. 
It is also important to notice that the first pass unidirectional extraction frac- 
tion is the extraction fraction during the first single transit of a tracer bolus 
through the capillaries without tracer being extracted back from tissue to 
blood. Generally, the first pass unidirectional extraction fraction and the uni- 
directional extraction fraction are used interchangeably. These terms are not 
to be confused with the steady state extraction fraction ( E s ) (also referred to 
as the net extraction fraction) which is defined as the ratio of the difference 



FIGURE 2-6. A Model of Capillary Extraction of Tracer from Plasma to the Extravas- 
cular Space. The blood flow through the capillary is F, the arterial concentration of 
tracer is C a , and the venous concentration of tracer is C v . 
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between tracer concentrations in arterial and venous blood over the concen- 
tration of tracer in arterial blood at steady state conditions (e.g., E s is approx- 
imately constant over time). The steady state extraction fraction takes into ac- 
count the extraction of tracer out of the capillaries as well as the backtransport 
and/or backdiffusion of tracer from the extravascular space back into the cap- 
illaries. For most tracers, the value for E is greater than for E s because of the 
backtransport of tracer. 

The magnitude of the fraction E depends on the total available capillary sur- 
face area S, the capillary permeability P for the tracer, and the blood flow F. The 
unidirectional extraction fraction E will increase if S or P increases. If the blood 
flow increases, then E tends to decrease because of the decreased time the tracer 
has to be extracted out of the capillaries. A relationship between £, S, P, and F 
is given by the Renkin-Crone equation. 42-44 

E= 1 — e~ PStF (2-4) 

which is based on considering a rigid cylindrical tube model for the vascula- 
ture. Here the units of measure for S, P, and F are cm 2 /g, cm/min, and 
ml/min/g, respectively. As originally derived, P and S are treated as constants, 
but in experimental applications, it has been found that the PS product in- 
creases as flow increases due to either dilation or recruitment of more capil- 
laries at higher blood flows. It is very important to realize that sometimes the 
extraction fraction as it is used refers to the extraction of tracer into the cel- 
lular spaces. This extraction occurs because, in some cases (e.g., myocardium), 
the capillary walls do not pose a significant barrier for tracer transport, but 
the cellular membranes do. In these cases, the PS value is the permeability sur- 
face product of the cellular membranes and capillary walls. This definition of 
extraction fraction which refers to extraction from capillaries and the inter- 
stitial spaces into the cellular spaces is also sometimes known as the retention 
fraction (P r ). Rigorously, the term retention fraction should be reserved for 
transport into a space from which escape of tracer is not possible or limited 
over the time of the measurement. 



EXAMPLE 2-4 

What does the Renkin-Crone equation predict will happen to extrac- 
tion when the flow is doubled assuming that everything else remains 
fixed? Assume PS happens to equal the baseline flow (PS = F a ). 



ANSWER 




Ea = 1 - e 


*■; Extraction under condition of Flow = F a 
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E„ 



_PS 

^ — , Now given that PS = F a we obtain 

1 



E b 



— e F * 



1 - e~' 



1.61 



1 - 1-e '* 



So if flow is doubled, the extraction decreases by a factor of 1.61 
If you do the same calculation for decreasing F in half {Ft : 

0.5 X FJ, then — = 0.73, illustrating the nonlinear response of E to 
Eh 

changes in F. 



Volume of distribution and partition coefficient 

The term volume of distribution (Vf) is needed to understand tracer kinetic 
models and is often highly misunderstood (Figure 2-7). Confusion arises in 



A. 



tissue 



blood 




Vd = V 1 /V t 



FIGURE 2-7. Volume of Distribution and 
Partition Coefficient. (A) Volume of dis- 
tribution (Vd) represents the volume V| 
that tracer would occupy if it had the 
same concentration in tissue as it does in 
blood (Q,). (B) Partition coefficient (A) is 
the ratio of concentration of tracer in tis- 
sue (C f ) to that in blood (C b ) assuming 
tracer can be distributed over entire tis- 
sue space with volume V t . 
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large part because there is a mistaken tendency to think that the volume must 
be associated with a physical volume. The term is best understood by doing 
a tracer thought experiment. If one injects a mass of tracer M intravenously 
into the blood, and then waits a sufficient period of time At and samples the 
tracer blood concentration C, then one can estimate the volume of distribu- 
tion Vd — MIC ( units of ml). Obviously, if the tracer never leaves the blood 
and is not metabolized, then Vd will equal the blood volume. At the other ex- 
treme, if no tracer remains in the blood, then Vd becomes infinitely large. The 
larger the volume of distribution is for a given tracer, the more this tracer is 
distributed throughout the body tissues. For a system in which all the tracer 
leaks out (an open system), one can perform a similar experiment except a 
continuous infusion of tracer into the blood is used so as to achieve a steady 
state condition. The volume of distribution can also be defined mathemati- 
cally as the equilibrium ratio and has units of volume per mass (e.g., milli- 
liters per gram): 

Vd = (g of tracer/g of tissue)/(g of tracer/ml of blood) (2-5) 

The partition coefficient (A) arises from thinking about the capillary wall as 
forming a partition such that the tracer on either side of the wall need not be 
equal. The ratio of tracer concentration in tissue to that in blood at equilib- 
rium is the partition coefficient and is also given by Equation 2-5. The terms 
Vd and A were originally used for inert tracers at equilibrium but have been 
subsequently used for all tracers, including those that are undergoing trans- 
port and/or metabolism. It is likely that most tracers do not distribute uni- 
formly over the entire tissue space nor do they have the same concentration 
in tissue as they do in blood. Regardless, Equation 2-5 best describes both Vd 
and A. 

Transport steps in a comprehensive model 

A tracer thought experiment can be laid out as a comprehensive compart- 
mental model by formally describing all the locations and forms of a given 
tracer. The tracer thought experiment done earlier for FDG (see Tracer 
Thought Experiment, p. 129) can be laid out as a comprehensive model (Fig- 
ure 2-8). Even such a model is not truly comprehensive and reduces the 
thought experiment into the major important components. For example, even 
though blood flow is not fixed, in the comprehensive model it is usually as- 
sumed to be fixed. Also, even though tracer moves between plasma and whole 
blood, the vascular space is often represented as one lumped compartment. A 
comprehensive model is usually reduced into no more than 3 to 4 compart- 
ments because it is usually very difficult to fit data provided from a PET scan- 
ner to more than 3 to 4 compartments. 45,46 This is the result of very similar 
rates of transport between groups of compartments, inadequate temporal sam- 
pling, and noise. 

Model reduction 

It is important to be able to reduce a comprehensive model into a working model 
that can formally be used to estimate model parameters with PET time-activity 
data. Two approaches of performing model reduction can be utilized: First, the 
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FIGURE 2-8. Comprehensive Model for FDG. The model assumes there is a fixed flow 
rate in the vascular space. FDG can leave the vascular space and enter the interstitial 
space. From here, it can be transported into cells and enter the cellular space. Once 
inside cells, it can be phosphorylated to form FDG-6-P. All the steps are reversible. 



relative magnitudes of transport and reaction rates (if available) can be used to 
decide which compartments to lump together. When two compartments have 
rate constants that are much faster than other rate constants in the model, then 
those two compartments can usually be lumped together. In reality, most com- 
partments represent several subcompartments. Fast transport rates between sub- 
compartments cause concentrations of the subcompartments to be approxi- 
mately in equilibrium at all times and support the subcompartments being 
lumped into a single compartment. Second, certain rate constants are fixed to 
specific values based on a priori knowledge (e.g., in vitro data). This in effect re- 
duces the model to be more workable and is commonly referred to as constrained 
estimates because the model is constrained by setting some of the variables to 
fixed values. If, however, the fixed values vary significantly, this can cause prob- 
lems in the working model. 47 

The comprehensive tracer kinetic model for FDG can be simplified to the 
model shown in Figure 2-9. Several compartments have been lumped to- 
gether to arrive at this simplified model. The assumptions of this model de- 
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FIGURE 2-9, FDG Three-Compartment Model. 



serve detailed description and are instructive. First, if the PS (see Equation 
2-4) value is relatively small compared to blood flow, there is relatively low 
extraction of FDG and plasma concentration of FDG does not vary signifi- 
cantly down the capillary length. 25,48,49 This allows one to eliminate the ef- 
fects of blood flow and greatly simplifies the model. Furthermore, for FDG 
the concentration ratio between the interstitial space and cellular space is in 
near equilibrium at all times allowing one to lump these two compartments 
together because the rate-limiting steps are movement of tracer out of the 
capillary wall (facilitated by transporters) and phosphorylation by hexoki- 
nase. 50 These simplifications allow one to arrive at the reduced FDG 3-com- 
partment model shown in Figure 2-9 where FDG in tissue (the second com- 
partment) represents FDG in the extravascular space (both extracellular and 
intracellular). 

Differential equations for a compartmental model 

The equations that govern a compartmental model are based on the physical 
principles of mass balance. The equations are usually best written in terms of 
mass but can often also be written in terms of concentration. The rate of change 
of mass for a given compartment must equal the net mass coming in per unit 
time into a pool minus the net mass leaving per unit time. The rate of change 
is written as the differential dldt, and the rate of change of mass in a given com- 
partment is often written as d(M)/dt. At steady state, when there is no change 
with respect to time, the differential equals zero. Solving the differential equa- 
tion at steady state is easy because the time-derivative is eliminated. For each 
compartment, the differential equation is written separately. The compartment 
that represents the blood pool does not need an explicit equation because the 
blood time-activity curve is already available as the input function to the model. 
Equations from multiple compartments can often be combined into matrix no- 
tation to simplify a complicated set of equations. 16 The differential equations are 
considered linear if all mass terms qi for compartments are to the power 1 and 
nonlinear if any one term is of a power greater than 1 

(e.g., = + k 2 q 2 {t) is linear 

dt 

and ^ = —Kiqi(t) is nonlinear). 
dt 

Solutions to the differential equations for linear compartmental models can be 
derived using a variety of mathematical techniques including Laplace trans- 
forms. 51 Nonlinear models often require computational approximations. Spe- 
cific examples of differential equations and solutions can be found in the fol- 
lowing section. 
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FIGURE 2-10. One-Compart- 
ment Model. 




q,(t) = C,(t) ■ V d 



One-compartment model 

Consider the single compartment linear model shown in Figure 2-10. This 
model might represent the delivery and removal of tracer into tissue as governed 
by perfusion rate F. The tracer is homogeneously distributed in the compart- 
ment with a concentration Cfit) (g/ml). 

Let qi(t) = mass of tracer in compartment 1 at time t. 

F = perfusion of tracer (ml/min/g tissue) 

Va = volume of distribution of tracer (ml/g tissue) 

C a (t) = arterial input function 

With mass balance the rate of change in tracer in the compartment is equal 
to the net mass coming in per unit time minus the net mass leaving per unit 
time: 



= FC a (t ) ~yrq i(f) (2-6) 

at v d 

This is a system with zero initial state, such that <ji(0) = 0. The solution to the 
above model can be obtained by Laplace transforms 51 and is given as: 

qi(t) = ® FC a (t) + qi (0)e~^ (2-7) 

where ® is the convolution operator 51 and the convolution of two functions f(t) 
an g(t) is given as: 

fit)® g{t) = f f(s)g(t - s)ds (2-8) 

J o 



EXAMPLE 2-5 

Show that for the one compartment model depicted in Figure 2-10 the 
solution shown in Equations 2-7 and 2-8 satisfies the model differen- 
tial equation shown in Equation 2-6. Use the definition of convolution 
given in Equation 2-8 to solve. 





148 



PET: Molecular Imaging and Its Biological Applications 



If we differentiate the left and right hand sides of the above equation 
(the given solution), we obtain: 



d , v 

7, i' u) ~ 



Such that: 



FC a (t)®e v '** 



a(r)e v - * ' dr 



F-j 

dt 



■ # ft 



[ C 0 (t)c v '‘ t dr 

F~ Lfh [' Q{t)c ^ dr + Fe e^‘ C„(f) 
Vd J 0 

— ~ f FCAT)e~$y-*dT+ Fe 'h e^' C a (t) 

Vj % 

(FC fl (f)®e^') + FC„(t) 

V d 



4 (?i(f) - FC a (t) - ~(qM) 
at V f / 

The above equation is the original differential equation (Equation 
2-6), so we are done. This question il lustrates that even if one does not 
know how to obtain an answer to a tracer kinetic model differential 
equation(s), one can at least verify that a given solution is correct by 
differentiating the answer. 



Two-compartment model 

Consider the 2-compartment model shown in Figure 2-11. This model might 
represent the movement of tracer between the blood pool (compartment 1) into 
the tissue pool (compartment 2). 



Let: qi(t) = mass of tracer in compartment 1 at time t . 

q 2 (t) = mass of tracer in compartment 2 at time t. 

Ki = rate coefficient for transfer from 1 to 2 (ml/min/g). 
k 2 = rate constant for transfer from 2 to 1 (1/min). 

Here, q x (0) = q 2 { 0) = 0. 

By mass balance one obtains: 

= —Kiqi(t) + k 2 q 2 (t) 

4^4 = K iqi (t) - k 2 q 2 (t) 



(2-9) 



These two equations can be solved for qi(t) and q 2 (t). However, if qi(t) is ex- 
plicitly known (e.g., q\{t) is the measured blood time-activity curve), then one 
only need solve for q 2 (t) and obtain: 

<fc(f) = K iqi (t) ® e~ k * 



( 2 - 10 ) 
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FIGURE 2-11. Two-Compartment Model. 



Three-compartment model 

Consider the 3-compartment model shown in Figure 2-12. This model might 
represent tracer in the blood pool (compartment 1), tracer in the extravascular 
pool (compartment 2), and a metabolite of the tracer in the extravascular pool 
(compartment 3). 

Let qi(t) = mass in compartment 1 at time t. 
q 2 (t) = mass in compartment 2 at time t. 
q 3 (t) = mass in compartment 3 at time t. 

K\ — rate coefficient for transfer from 1 to 2 (ml/min/g). 

k 2 = rate constant for transfer from 2 to 1 (1/min). 

k 3 — rate constant for transfer from 2 to 3 (1/min). 

k 4 = rate constant for transfer from 3 to 2 (1/min). 

Here, q x (0) = q 2 ( 0) = q 3 ( 0) = 0. 

By mass balance one obtains: 

= -Kiqi(t) + k 2 q 2 (t) 

= Ktfiit) ~ k 2 q 2 (t) + k 4 q 3 {t) - k 3 q 2 (t) (2-11) 

= k 3 q 2 (t) ~ k 4 q 3 (t) 



dqi(t) 

dt 

dq 2 (t) 

dt 

dq 3 {t) 

dt 



The solution to the above (assuming q\ ( t) is explicitly known) is given by: 
Ki 



qi(t) 



a 2 - OL\ 



qi(t) ® 



(k 4 — a i)e a i f + ( a 2 — k 4 )e a ^ 



K k 

q3(t) = ]_ y qdt) ® (£-“>' - e~ a V) 



a 2 ~ Qti 



(2-12) 



where 



<* 1,2 = 



(kg + k 3 + k 4 ) + V(fc 2 + k 3 + k 4 ) 2 ~ 4k 2 k 4 



FIGURE 2-12. Three-Compartment Model. 
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EXAMPLE 2-6 

What is the steady state solution for compartment 3 for the three-com- 
partment linear model described previously? 

Assume <jj(rc) = 0 and all rale constants are strictly greater than 
zero. 




Model validation 

Model validation is a critical component for understanding the utility of the 
model in predicting future experimental results and is generally based on kinetic 
and biochemical validation. Kinetic validation aims to determine if the model 
predictions of time-activity curves is consistent with observed data. Biochemi- 
cal validation compares biochemical data on concentration of tracer and/or 
metabolites with model predictions for each compartment in the model at spe- 
cific points in time. It is important to notice that, in either case, one might deal 
with a true in vivo environment (e.g., a mouse or human subject) or an isolated 
tissue environment (e.g, isolated heart preparation). Regardless of the exact 
methods used to perform model validation, it is never the case that a model is 
proven to be true by the validation process. The validation process simply helps 
lend support to using the model to estimate the process it was intended to de- 
scribe under the conditions of the validation. 

One can initially determine if the qualitative behavior of the model is con- 
sistent with the observed data. The qualitative behavior of the model can be 
based on studying the equations governing the model and solving them for time- 
to-peak activity, steady-state mass levels, and so on. These solutions maybe based 
on the blood time-activity curve (input function). It often helps to have an ex- 
ample of a blood time-activity curve for a particular tracer prior to starting model 
validation. In addition, one can also simulate the model using software tools if 
one has some estimates of the underlying model parameter (s). By studying the 
model output and qualitatively comparing this to the observed tissue TACs, one 
may have a better understanding of the model’s validity. The limiting factor in 
this approach is that it is often the case that estimates of model parameters (F, 
Ki> k 2y etc. ) are not available; model output can be quite dependent on these. 

Model kinetic validation is most accurately performed by fitting observed 
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data to a given model and in the process estimating model parameters (Figure 
2-13). Through the study of the fitted curve, one can begin to understand model 
limitations (if any). If the model does not fit the data well, parameter estimates 
may still be available, but the predicted curve will not fit the data well (Figure 
2-13). This process can be made fully statistical by determining if residuals (the 
difference between model prediction and observation) are randomly distributed 
about zero (Figure 2-13), which would indicate that model equations provide a 
good representation of the data. If the residuals are correlated, then the model 
is not supported by the kinetic data. Once parameters are estimated, and resid- 
uals statistically tested for lack of correlation, one can compare the value of the 
estimated parameter to known physiological and biochemical parameters. If one 
or more parameters are clearly out of the range of underlying physiology and 
biochemistry, then the model is suspect. 

The standard errors of the parameter estimates can also be important in help- 
ing to understand a given model. Large standard errors (e.g., 100%) usually im- 
ply that the model has too many parameters unless the data are extremely noisy. 
When a model has too many parameters, it is usually possible to simplify the 
model by decreasing the number of parameters. If two models fit the observed 
data near- equivalently, then usually the model with the fewer number of pa- 
rameters is the one of choice. Formal statistical methods do exist to test models 
against each other to determine which one is optimal in terms of the number of 
parameters and the goodness of each model's fit. 45,46 A careful balance of study- 
ing all of the above issues helps to build confidence that one has developed a 
reasonably good model. 

Biochemical validation is necessary to provide the greatest degree of confi- 
dence in a particular tracer kinetic model. This approach requires direct esti- 
mates of tracer and labeled reaction product(s) concentrations from tissues at 
various points in time. These estimates can then be directly compared to model 
predictions from one or more compartments. Biochemical separation of the 
tracer from labeled reaction product (s) in tissue samples by high performance 
liquid chromatography (HPLC) or other chemical assay are typically required. 
The ideal biochemical validation would be achieved by performing dynamic PET 
scanning and model fitting of blood and tissue time-activity data in order to es- 
timate model parameters. These estimates would then be used to calculate the 
relative fraction or concentration of tracer in each of the compartments. Tissue 
samples would be obtained directly after PET scanning and then the concentra- 
tion of tracer and labeled reaction products in various forms determined. It may 
be necessary to stop the experiments at various time points in order to test the 
model during the early and late kinetic phases of the study. It is much more dif- 
ficult to obtain human tissue samples so that most biochemical validation is 
done using animal models. Specific examples of biochemical validation can be 
found elsewhere. 52 

Model parameter estimation 

The use of a tracer kinetic model along with measured PET time-activity data 
allows for the estimation of model parameters. The most robust method for per- 
forming this estimation is weighted nonlinear regression. 53,54 The term weighted 
refers to the fact that different data points can be given more or less weight in 
the calculation based on how that point may be more or less accurate relative 
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FIGURE 2-13. Fitting Data to a Model with Nonlinear Regression. Panel A shows hypothetical data (individual points) and the model predicted fit 
during an early iteration. Notice that the solid line does not go through all of the data well especially at late time points. Panel A' shows how well 
the curve in panel A fits the data as measured by residuals (the difference between fit and observations). Notice that the residuals increase for later 
time points indicating a poor data fit. As the fitting routine iterates, panels B and C show improved fits as evidenced by the residual plots B' and C'. 
The residuals should be randomly distributed about zero for a good fit as occurs in C. 
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to another point primarily due to statistical accuracy of the data points. Weighted 
nonlinear regression is an iterative process in which starting estimates of all pa- 
rameters along with equations that govern a particular model are used to gen- 
erate a refined estimate of the parameters. This approach is repeated until some 
criteria are met for achieving convergence. Typically, one wishes to minimize 
the square of the difference between the observation and model prediction for 
all observations — often referred to as the weighted residual sum of squares 
(WRSS) given as: 

N 

0 = WR ss = ^ Wiin - y pi ) 2 (2-13) 

i= 1 

Here N is the number of time points for which there is an observation as well 
as a model prediction, Wj are the relative weights for each of the y t = y(tj) ob- 
servations taken over time f, and y pi are the model predicted values at each time 
point y p {tj). There is no guarantee in these iterative methods that a global min- 
imum will be achieved, but if multiple distinct initial guesses lead to the same 
converged final estimates, then it is likely that a global minimum has been 
reached. 55 



EXAMPLE 2-7 

Determine the WRSS if the model being fit to is y — exp {—p* f) (a de- 
caying monoexponential curve) for t = 0, 0.1, 0.2, 0.4, 0.8, 1 .0, with 
the observed values being y t ~ 0.9, 1.1, 0.93, 0.77, 0.7, 0.55. Here p is 
the parameter being estimated. Assu me p = 0.5 for the value of the pa- 
rameter for which the WRSS is desired and observations should be 
weighted equally with a weight — 1. If all the weights are equal, WRSS 
is often referred to as residual sum of squares (RSS). 



ANSWER 

To calculate the WRSS, we utilize Equation 2-13 and note that N = 6, 
Wj — 1 for all L 
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ypi 


(yi-ypiR 
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0 


0.9 


exp(- 0.5*0) = 1,0 


0,01000 


2 


0.1 


1.1 


exp(-Q,5*Q.l) - 0.95 


0.02213 


3 


0.2 


0.93 


ex p(— 0.5 *0,2) = 0,90 


0,00063 


4 


0.4 


0.77 


exp(—0. 5*0.4) = 0.82 


0.00237 


5 


0.8 


0.7 


exp(-0.5*0.8) ^ 0.67 


0.00088 


6 


1.0 


0.55 


exp(-G,5*1 ,0) = 0.61 


0.00319 



WRSS = (0.01000 + 0.0221 3 + 0.00063 + 0.00237 + 0.00088 + 0.00319) 

= 0.039 



Shown in Figure 2-14 is an example of a model-predicted surface © gener- 
ated for a model with parameters pi and p 2 . This surface represents the value of 
© for all possible combinations of the two parameters. The goal of nonlinear re- 
gression is to start somewhere on this type of surface (based on the initial guess) 
and to find the minimum value of 0. The algorithms developed avoid having 
to generate the whole surface and, instead, use approaches to find the minimum 
with only starting guesses. 
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RSS 



P2 



FIGURE 2-14. Residual Sum of Squares Surface for 2 Parameters. Each of the two pa- 
rameters pi and p 2 generates a model predicted estimate of an observed value for each 
time point. If each of these is used along with Equation 2-13 and the observed data, 
one can calculate the residual sum of squares (RSS) or WRSS. Every combination of pi 
and p 2 can then be used to obtain a surface for which we wish to find the minimum 
point. There may be one or several local minima, but the goal is to find the unique 
global minimum. 




Because nonlinear regression is slow and has difficulty in converging when 
high levels of noise are present, several linearizing methods have been explored 
to help minimize the computational time required for estimating model pa- 
rameter (s). These methods also sometimes help deal with noise. If data can be 
transformed to a linear form, then there is an explicit solution that estimates the 
slope and y- intercept. One such method is the Patlak plot , 56,57 which can be ap- 
plied to many models in which the tracer is effectively trapped. Effectively 
trapped refers to a tracer that is nearly totally trapped during the time for which 
the process is studied. The Patlak equation predicts that after some time t > t* 
that a plot of: 



cm 

cm 



vs. 



Cp(s)ds 

cm 



(where Cp is the total tissue activity and Cp is the plasma activity) will be es- 
sentially linear with a slope of K* (see Example 2-11 for derivation). In addition 
to linearizing methods, other methods have been studied including generalized 
linear least squares (GLLS) 58-60 and neural network approaches 61,62 to speed up 
the process of parameter estimation. Additional methods are beyond the scope 
of this chapter. Issues related to models for noise in PET data and how this af- 
fects the estimation process are discussed elsewhere. 63-69 
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EXAMPLE 2-8 

Time-activity data are being fit using nonlinear regression. It is desired 
to estimate the 4 parameters k 2i k 3, fc* of the 3-compartment model 

shown in Figure 2-12. One individual obtains one set of values for es- 
timates of Af|, k 2 r fcj and the other individual obtains an entirely dif- 
ferent set. Both individuals are using the same software tool and the 
same model definition. How is this possible? 

ANSWER 

Nonlinear regression depends on an initial guess for each parameter to 
be estimated* Based on these initial guesses, the software algorithms at- 
tempt to minimize the RSS. It is possible though that, based on one 
initial guess, the routine converges into a local minimum, whereas with 
a different initial guess a true global minimum is reached* The only 
way to maximize the chance that the converged set of parameter val- 
ues are the correct ones is to try many different initial guesses to make 
sure they are all leading to the same set of final parameter estimates. 
If some initial guesses do not lead to the same parameter estimates* 
then the converged parameter values that lead to the lowest RSS are 
likely the correct ones. There is, however, no absolute guarantee with 
nonlinear regression that the absolute (global) minimum RSS has been 
found* 



It is sometimes desirable to optimize the times at which an underlying ki- 
netic process is sampled to obtain the best estimates of the underlying model 
parameters. Based on some pilot experiments, it is usually possible to apply 
specific criteria to maximize the precision of the parameter estimates in an iter- 
ative fashion. One such approach, using D-optimal criterion for estimating 
myocardial beta-adrenergic receptor concentrations 70 and FDG parameter esti- 
mation 71 , illustrates some of the issues involved. 

Physical interpretation of model parameters 

In general, the value of rate constants and coefficients in a compartmental 
model are related to, but different from, the biochemical steps of transport 
and biochemical reactions or physical parameters such as perfusion. This is 
because the compartmental model has rate constants that help to determine 
tracer flux (mass of tracer per unit time leaving or entering a compartment 
of interest) based on both tracer concentration and volume of distribution of 
the tracer. A bidirectional transporter does not imply that the rate constants 
are equal in both directions. The bidirectionality applies to the physical and 
chemical rate constants which depend on chemical concentrations on either 
side of the membrane or between reactants and products. Because the rate 
constant of a compartment model is expressed with respect to the tracer in a 
compartment, it is related to both concentration and the volume of space rep- 
resented by the compartment. This change in physical interpretation of the 
model parameter needs to be taken into account when assigning parameter 
values as a part of model reduction, model validation, or interpreting model 
parameters and predictions. 
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EXAMPLE 2-9 

A 2-eompartment model as shown in Figure 2-11 has K { — Q3 
ml/min/g and k 2 = 0.2 min At f = 10 min, the mass of tracer 
rfi(10) — 1.0 and 52(10) = 1.0, are both in grams. The concentration 
of tracer Cj(10) — 0.1 and r»(IG) = 0.05, both in grams per milliliters 
g/mL 

What is the elective volume for each compartment and what is the 
mass flux (mass per unit time) out of compartment 1 and 2 at time 10 
minutes? 



ANSWER 

The effective volume of each compartment is: 

Vji = - 1.0 g/(0J g/ml) = 10.0 ml 

Vd 2 - qitcj - 1.0 g/(0.G5 g/ml) = 20.0 ml 

The flux out of a compartment is in units of mass per unit time. 

For compartment 1, this would be <j|{10} X [ci( 10) X J = 1.0 
g X [0.1 g/ml X 0.5 ml/min/g ] = 0.05 g/min. 

For compartment 2* this would be ^ 2 ( 10) X k 2 - 1,0 g X 0.2 
min" 1 = 0.2 g/min. 

Notice that the rate coefficients and rate constants are not equal to 
the flux . The flux of mass out depends on the current mass in the com- 
partment. 



Parametric imaging 

Parametric imaging seeks to develop an image of a parameter based on apply- 
ing a tracer kinetic model to an image set obtained over time. Instead of draw- 
ing a specific region of interest (ROI), and then using the input function and 
tissue time activity curve (TAC) to fit to a model, multiple tissue TACs, each 
from a voxel, are fit to the model. By applying a tracer kinetic model on a voxel- 
by- voxel basis, one can estimate a specific parameter of the model, and then dis- 
play the parameter value on a voxel -by- voxel basis as an image of the parame- 
ter. If multiple model parameters exist, then multiple corresponding parametric 
images can be created. For example, if one takes a set of PET images of the tracer 
N-13 ammonia as it distributes in myocardial tissues over time and fits those 
data to a tracer kinetic model, one can develop a parametric image of myocar- 
dial perfusion. This allows an image of perfusion in addition to an image of 
N-13 Ammonia concentration to be studied. An example of such a perfusion 
parametric image is shown in Figure 2-15A. 

Several issues deserve special consideration for parametric imaging. Although 
in principle the concept of a parametric image is simple, the ability to generate 
such an image can be quite difficult. Data from each voxel over time can be quite 
noisy, leading to difficulties in attempting to fit any time-activity curve derived 
from a single voxel. In addition, the tracer kinetic model may not apply to all 
areas of the image and artifacts can result. Long computation times can also be 
involved. Methods to account for partial volume effects on a pixel-by- pixel ba- 
sis are quite challenging but various approaches that rely on some anatomical 
information have been studied. 72 Approaches to directly obtain parametric im- 




Chapter 2: Quantitative Assay Development for PET 



157 




A. 



Blood Flow Dependent 
Transport, K1 



Receptor Binding, 
(Bmax/Kd) +1 



Eyes 

Closed 





Eyes 

Open 



B. 



<T\ 

\S/ V 



FIGURE 2-15. A: N-13 Ammonia Perfusion Parametric Images of Canine Myocardium. 
Shown are images of pixel-by-pixel calculated perfusion from time-activity data ob- 
tained from dynamic image sets from a canine N-13 Ammonia study done with a 2- 
compartment model. The input function used was obtained from arterial sampling. The 
images represent perfusion and not just tracer concentration. The left image was ob- 
tained using a neural networks approach, the middle by using weighted nonlinear re- 
gression and the right with a Patlak approach. The square ROIs are placed on regions 
of myocardial tissue and directly yield perfusion values. (Reproduced with permission 
from reference 62). B: F-1 8-Flumazenil Brain Parametric Images with Eyes Closed and 
Open. F-1 8-Flumazenil human brain tracer kinetic data were fit to a 3-compartment 
model to estimate the flow-dependent and receptor binding parameter (£ m ax/Kd) + 1, 
under conditions of eyes closed and eyes open. In terms of the tracer thought experi- 
ment, "you" would experience your initial blood-flow-dependent forward diffusion to 
get into the brain (top left) and then subsequently you switch to your longer term ex- 
istence in tissue being dependent on your association with benzodiazapine receptors 
(top right). Further, when the brain performs a function like "seeing" that requires in- 
creases in glucose delivery through an associated increase in flow, "your" ride into tis- 
sue is accelerated (bottom left), but since this increase in visual activity does not change 
the work of the benzodiazapine receptors, the later part of your journey into the tis- 
sue remains unchanged (bottom right). (Images provided courtesy of Dr. Kirk Frey, Uni- 
versity of Michigan. Reproduced with permission from 74.) 
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ages from projection data have also been utilized and are discussed elsewhere. 73 
In the latter, the temporal data for each point in the projection data are used to 
calculate a model parameter (e.g., blood perfusion) and then the image recon- 
struction algorithm is applied to the projections of the parameters. 

Parametric images can also be useful for creating images that reflect differ- 
ent portions of a kinetic process. For example, images can be created that use 
the early time-points of a diffusible tracer to estimate perfusion followed by use 
of the later phases to estimate a subsequent reaction. Figure 2-15B illustrates 
how this can be a powerful method to visualize dynamic PET data. 74 

Modeling software packages 

Software packages for PET assay development include tools to help reconstruct 
images, image analysis, and tracer kinetic modeling. 75 This section focuses on tracer 
kinetic modeling tools, which can be helpful for simulating what a given model 
might predict for time-activity curves based on certain fixed parameter values (for- 
ward problem) and/or might be used to fit PET time-activity data to a specific 
model to estimate model parameters (inverse problem). Tools that allow graphi- 
cal construction of the tracer kinetic model and then interactive adjustment of 
model parameters are particularly useful when comparing model behavior and ex- 
ploring different model configurations. 76 For example, one could study how a par- 
ticular model parameter affects only the late time portions of the tissue time-ac- 
tivity curve while having little effect on the rest of the curve. One could also formally 
study the sensitivity of the model output with regards to each model parameter. 
Simulation is particularly useful for students starting to learn tracer kinetic mod- 
eling to build confidence with regards to the underlying mathematics. 

Developers of PET assays often find difficulty in fitting PET- derived time- 
activity curves to a given tracer kinetic model. One difficulty is specifying the 
explicit solution of a given tracer kinetic model so that data can be fit to the so- 
lution. Most tracer kinetic models have differential equations that are difficult 
to explicitly solve, especially because the input function is convolved with the 
solution of the other compartments (see One-Compartment Model, p. 147). 
Some software packages require that an explicit solution to the tracer kinetic 
model be already available. In addition, because the input function is usually 
convolved with other equations, it is important to have tools that support con- 
volution. Software packages that can fit observed time-activity curves directly to 
the model equations (without requiring the explicit solution) are, there- 
fore, highly desirable. Software tools that show each iteration of fitting a time- 
activity curve can be quite useful for monitoring the fitting process. Support for 
batch operations in which many regions of interest can be fit are also useful for 
working with large data sets. A software package named COMKAT incorporat- 
ing many of the desirable features for PET assay development has recently been 
described; 77 details may also be found at www.nuclear.uhrad.com/comkat. 



DESIRABLE PROPERTIES OF MOLECULAR IMAGING PROBES 

It is important that the development of a PET assay is tightly coupled to the de- 
velopment of positron labeled tracers. In practice, several iterations usually oc- 
cur to optimize an assay by using a specific tracer, performing the assay, im- 
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proving the tracer, and so on (see Figure 2-4). Chemical and biochemical crite- 
ria for selecting PET tracers are reviewed in detail in Chapter 4, but specific is- 
sues warrant discussion here. 

Regarding nomenclature, the radioisotope refers to the atom that will decay 
to produce a positron, and a molecule of interest when coupled to the isotope 
of choice is referred to as the tracer. It is referred to as a tracer because it will 
trace out the biochemistry of the parent molecule and because it is administered 
in trace or low mass amounts. The use of a trace amount allows the underlying 
system not to be significantly perturbed. The process of administering a tracer 
is sometimes referred to as the tracer experiment. 

The choice of tracer is a complex issue and is in practice an iterative process 
that leads to one or more tracers that can be used to assay a given process of in- 
terest. The two general categories of tracer are: 1 ) the molecule labeled such that 
there is a direct isotopic substitution (e.g., 12 C replaced with U C) referred to as 
the parent molecule and 2) one in which there is a chemical modification to the 
parent molecule, referred to as a chemical analog. For most applications, it is 
preferable to use the analog molecule to isolate a few steps in a complex bio- 
chemical pathway (see FDG Assay, p. 161). This is often done in basic bio- 
chemistry experiments in order to prevent the chemical analog from interacting 
with more than a limited set of molecules to allow accurate estimates of the 
process of interest. This approach is also often used by the pharmaceutical in- 
dustry in order to design drugs to interact with a specific target and minimize 
any side or subsequent reactions. 

Fluorine- 18 ( 18 F) is a good substitute for either H or OH because its small 
size avoids steric hinderance. Furthermore, the C — F bond is relatively strong 
( — 110 Kcal). Of all of the isotopes for PET, 18 F is one of the best due to its rea- 
sonable half-life, relatively low positron range, and high positron yield. If an ana- 
log does not contain a Fluorine atom or if the Fluorine introduced is at a dif- 
ferent site on the molecule, it is important to realize that the 18 F labeled analog 
may not behave exactly like the nonlabeled analog. This is because 18 F is highly 
electronegative and may change the properties of the molecule. Fluorine is some- 
times found on drugs because of its chemical value in producing drugs where 
fluorine is used to block unwanted biochemical reactions without significantly 
altering the desired properties of the drug. 

Experimentation in vitro , in cell culture, and in living animals to determine 
the efficacy of a particular tracer is important to perform early in the assay de- 
velopment process. Quite often, investigators immediately proceed in labeling a 
given molecule with a positron emitter without performing fundamental stud- 
ies that will help to determine if a particular assay will be feasible with a given 
molecule. For example, if a particular molecule has a slow clearance rate from 
certain tissues (e.g., blood), it may be desirable to choose a long-lived positron 
emitter (e.g., 124 I, 64 Cu, see Table 2-1 for properties of various positron emit- 
ting radioisotopes). One can perform initial tests using a beta-emitter (e.g., 3 H 
or 14 C) attached to the molecule of interest in order to not be limited by the 
half-life of short-lived isotopes. In some cases, however, it is relatively easy to 
label the molecule with a positron emitting isotope, and therefore, it may be 
more efficient to test the PET tracer directly. After a molecule has been chosen 
to assay a particular molecular event, a search should be made for 3 H or Re- 
labeled analog of the molecule. Such molecules are often available from com- 
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TABLE 2-1. Properties of Drugs versus Imaging Tracers 



Property 


Drug 


Tracer 


High affinity for target 


Yes 


Yes 


Efficient transport into tissue 


Yes 


Yes 


Stable in plasma 


Yes 


Yes 


Rapid clearance from tissue 


Not necessary 


Yes 


Limited interaction with 


Yes 


Yes 


nontarget tissue 
Plasma Jy 2 


Hours to days 


Minutes to hours 


Target to background 


Can be less than 1 


Must be greater than 1 



panies that routinely provide /3- emitter-labeled tracers or from drug companies 
that have been studying the molecule as a potential drug. Alternatively, it may 
be possible to rapidly synthesize a 3 H or 14 C-labeled molecule. The use of these 
tracers early in the assay development process will aid in the selection of mole- 
cules that have the right characteristics to become molecular imaging probes. 
Good communication between the chemists and the assay developer is needed 
to carefully discuss these and related issues. 

Specific activity issues are highly important for assay development. Specific 
activity is a measure of the number of molecules capable of producing a ra- 
dioactive signal at a given time, divided by the total number of available mole- 
cules (units in Curies/mmole). It is important to realize that when one uses a 
certain quantity of a tracer, that not all available molecules can lead to radioac- 
tive decay because some molecules will have cold element on them (e.g., some 
of the FDG contains 19 F). In fact, the specific activity is constantly changing be- 
cause the radioisotope is constantly decaying. The maximum theoretical specific 
activity of a particular isotope is inversely proportional to the half-life of the iso- 
tope 78 (see also Chapter 4). Specific activity may be very important for some as- 
says because an insufficient specific activity may not allow estimation of a de- 
sirable parameter because the target site may become saturated by the mass of 
tracer used. For example, in using a radiolabeled ligand to estimate receptor den- 
sity, it is generally the case that a relatively high-specific activity is needed (e.g., 
>1,000 Ci/mmole) in order to determine relatively low levels of receptor con- 
centration (e.g., nanomolar) 79 without occupying a significant percentage of the 
receptors with unlabelled compound. Specific activity issues also apply when con- 
sidering 3 H and 14 C-labeled tracers for use with in vitro, cell culture, and cell or 
whole-body autoradiography. Further examples of choice of tracer and radiolabel 
can be found in Assays for Imaging Reporter Gene Expression, p. 175. 

Mass perturbation issues are important to keep in perspective for the devel- 
opment of any PET assay. Ideally, one would like to not perturb the underlying 
biochemistry while performing the assay of it. Typically, in PET assays 
nanograms of materials are injected resulting in picomoles or femtomoles of 
tracer per gram of tissue so the potential for perturbation is minimal. One should, 
however, always attempt to verify this by quantitating the effects of perturba- 
tion. For example, what is the fraction of receptors that will be occupied by the 
PET tracer? In animal experiments, the perturbations may not be minimal be- 
cause of the relatively small blood volume; potential consequences of this are 
discussed elsewhere. 80 
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SPECIFIC ASSAYS FOR PET 

Many different assays have already been developed primarily by the PET research 
community, covering a wide range of biochemical and physiological processes. 
Although FDG is the most commonly used assay, there are many other assays 
available. Some of the more important assays are reviewed next to exemplify dif- 
ferent categories of assays. 

FDG assay 

Deoxyglucose (DG) was originally characterized in terms of its affinity for glu- 
cose transporters 81,82 and its affinity for hexokinase. 83,84 The use of DG to block 
glycolysis in tumors was studied in detail in the 1950s 85 and although it failed 
as a drug, it opened the door to a new group of imaging agents. 

Historically, several tracers for glucose metabolism have been investigated 
both for the fields of autoradiography as well as PET. Earlier work with autora- 
diography in rats 49 (the Sokoloff model) and monkeys 86 using [ 14 C] deoxyglu- 
cose (DG) was successful in estimating regional glucose utilization in the brain. 
DG is very useful because it provides a good record of the initial events that a 
glucose molecule normally undergoes. 83,87 DG competes with glucose for plasma 
brain barrier and cell facilitated transport carriers and is phosphorylated, but at 
this stage, it is not further metabolized within typical experimental times used. 88 
The phosphorylated DG is essentially trapped in cells because the now charged 
molecule cannot traverse the cell membrane. It can, however, be slowly hy- 
drolyzed back to DG. 89,90 Early work with DG gave rise to a compartmental 
model to mathematically describe the behavior of DG in cerebral tissue. 88 With 
the use of radioactivity concentrations in arterial plasma (DG) and in local tis- 
sue (DG and DG-6-PO4), and in conjunction with the mathematical model that 
contains a proper correction for transport and phosphorylation of glucose ver- 
sus DG, one can calculate the regional cerebral glucose utilization rates (in units 
of /zmoles/min/g tissue). 

DG can be labeled with Carbon- 11 (C-ll) for use with PET imaging. 91,92 
The relatively short half-life of C-ll (20 minutes), however, limits the ability to 
minimize the background signal from the blood and free DG in tissue. Addi- 
tionally, one has to rapidly utilize the tracer which cannot be conveniently dis- 
tributed from commercial radiopharmacies. It does have the advantage of al- 
lowing more rapid, repetitive imaging as compared to FDG. 

The tracer [C-ll] glucose has also been used in conjunction with PET. 93 
Short retention times in tissue due to clearance of labeled metabolities (e.g., 
C-ll labeled C0 2 and lactate), along with other problems related to the model- 
ing of the multiple steps of glucose metabolism do not make it the tracer of choice. 

In the mid 1970s, Ido, Fowler, and Wolf 94 developed a method to synthe- 
size FDG. FDG is analogous to DG in its competition with glucose for transport 
and phosphorylation because the hydroxyl in the 2 position of glucose has been 
substituted by Fluorine. The affinity of FDG for hexokinase has previously been 
reported. 95 The mathematical model initially developed for DG and autoradi- 
ography was later modified 25,48 to mathematically model the hydrolysis of FDG- 
6-P to FDG that can occur at later times after administration. Therefore, com- 
plete trapping of FDG in tissue did not have to be assumed, as was done with 
the original DG model, although the amount of dephosphorylation that occurred 




162 



PET: Molecular Imaging and Its Biological Applications 



in the 40- to 60-minute time after injection was found to be small. 25,48 The ini- 
tial validation and use of FDG with PET was for studies of cerebral metabo- 
lism 25,48,96 with later extensions for other applications. 

Compartmental model 

Depicted in Figure 2-16 is the compartmental model used to describe FDG 
kinetics. The six compartment model is often represented by only showing the 
top three compartments in the figure. The purpose of showing two sets of three 
compartments is to emphasize the fact that the transport of FDG and enzyme- 
mediated reactions are distinct from those for glucose, although FDG does com- 
pete for the same carriers and enzymes and occupies the same physical spaces 
as glucose. This model is a direct extension of the Sokoloff model developed for 
DG and autoradiography 49 discussed in the previous section, allowing for a 
nonzero value of k\ and k 4 . 

The three top compartments in Figure 2-16 represent FDG in plasma, FDG 
in tissue, and FDG-6-P in tissue. The concentrations of FDG or FDG-6-P are 
Cp (mg/ml blood), C| (mg/g tissue), Cm (mg/g tissue), respectively. Similarly, 
the glucose and glucose-6-P concentrations in the three bottom compartments 
are C P (mg/ml blood), C E (mg/g tissue), and C M (mg/g tissue). All symbols with 
the asterisk represent quantities associated with the tracer, whereas quantities 
related to the natural substrate (glucose) are denoted without the asterisk. 

The key feature that makes FDG a useful tracer for studying glucose metab- 
olism is that FDG-6-P is not a substrate for further metabolism, as is glucose- 
6-P, and so it accumulates (due to a small k 4 ) in tissue in proportion to the glu- 
cose metabolic rate. This isolates the transport and phosphorylation steps from 
the rest of glycolysis, making the mathematical modeling of FDG simpler. In ad- 
dition, tracer assays with accumulation of end products provide a record of the 
process trapped within the tissue. 

The FDG molecules are initially confined to the vascular space when they 
are injected into the subject. As the tracer distributes through various capillary 
beds, it diffuses out into the interstitial space, and from there it is transported 
by the same carriers; which would normally transport glucose into the cellular 



FIGURE 2-16. Compartmental Model for FDG and Glucose Transport and Metabolism. 
The three compartments on top represent FDG kinetics between plasma FDG, ex- 
travascular FDG, and cellular FDG-6-P. The bottom three compartments represent the 
analogous compartments for glucose (Glc). The parameters k 2 through k 4 and k 2 
through k 4 represent first order rate constants for FDG and Glc, respectively, which 
govern the movement of material between the compartments. The parameters K* and 
M are rate coefficients for FDG and Glc, respectively. The rate constants and rate co- 
efficients have units of inverse time and volume/time/mass, respectively. 
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spaces. FDG is phosphorylated within the cell. It can also be slowly dephospho- 
rylated and eventually return to the interstitial space and from there to the vas- 
cular space. In the 3-compartment model for FDG tracer kinetics, the extravas- 
cular space refers to the interstitial and the intracellular space which are lumped 
together to form the FDG tissue compartment. This is a simplification based on 
the assumption that the capillary and cell membrane can be treated as one rate- 
determining barrier (e.g., capillary transport is much slower than transport 
across the cell membranes). 

The forward transport rate coefficients between the first two compartments 
(see Figure 2-16) are K* and K x for FDG and glucose, respectively. The re- 
verse transport rate constants between the first two compartments are k 2 and 
k 2 for FDG and glucose, respectively. The rate constants between the second 
and third compartments denote the hexokinase-mediated phosphorylation 
and the phosphotase-mediated dephosphorylation reactions, and are k% k\ 
for FDG and FDG-6-P, and k 3 , k 4 for glucose and glucose-6-P. Notice that 
the rate coefficients K\ and K\ are in milliliters per minutes per gram, whereas 
the rate constants ( k 2 — /c 4 , k 2 — k 4 ) are in units of min -1 . The reason that 
K i and K y are in different units than the other parameters is because they 
take into account blood flow and tracer extraction (see Equations 2-24 and 
2-25). A rate constant of 0.1 min -1 indicates that an amount of tracer equal 
to 10% of that in the compartment will be transported out of the compart- 
ment every minute. 



State equations 

The state equations in matrix notation governing the concentration of tracer 
in the compartments are given as: 



Ce 




Cm 





-m + m 

ki 



cm - [i 



k\ " 


ci 


1 




~k\_ 


_ 


\ 


0 



i] 



Cl 

Ch 



(2-14) 



where a dot over a quantity represents the derivative with respect to time of that 
quantity. Notice also that the model response CUt) is activity from both the ex- 
travascular FDG and FDG-6-P pools (the component of the measurement due 
to vasculature in tissue can be accounted for separately). Notice that in Equa- 
tion 2-14 the plasma measurement is treated as an input into the other com- 
partments, thereby not requiring the plasma compartment to be modeled ex- 
plicitly. The direct solution of the coupled differential Equations in 2-14 (through 
the use of Laplace transforms) gives: 

CM) = — Uk% - a 1 )e-°‘i t + (a 2 - kX)e~ a v\^ CM) 

a 2 ~ a i 

CUt) = K * k * (e- a ' f ~ e ~ a 2t) 0 CM) n . 

CM) = 



a 2 ~ a i 



[{kt + k%- + (o 2 ~ k* 3 - kX)e ~ a »*] 0 CM) 
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where 



oi 1 = 
a 2 = 



{k 2 + + k 4 ) - V(fc 2 + k 3 + fc 4 ) 2 — 4k 2 k 4 
2 

(k 2 + k$ + fe 4 ) + \Z(^2 + ^3 + fc 4 ) 2 — 4/C2&4 

2 



( 2 - 16 ) 



EXAMPLE 2-10 

The I , 8 F]FDG 3-compartment model is shown in Figure 2-16 and the 
solution to the model is given by Equation 2-15. Calculate the theo- 
retical volume of distribution for free [ lg F] FDG. Notice that the defi- 
nition of all terms is provided in FDG Assay (p. 161). 

Assume that k% = 0, 



ANSWER 

Cp is the concentration of [ l 8 F]FDG in plasma, C| is the extravascular 
(tissue) concentration of FDG (free FDG), and Q \ is the concentra- 
tion of [ ,R F]FDG- 6 -P in tissue. The model equation for this 3 com- 
partment model when fcj = 0 can be obtained from Equation 2-14: 

"j — K\Cp(t) — k 2 Cj^t) ” 



liGi(t) 

dt 



k\CRt) 



The units of the variables are: 



— ml blood/min/ml tissue, Cp= /xCi/ml blood 
C£, Cm = juCi/ml tissue, k 2> k\ ~ 1/min 

If & I is not zero, then C| can never reach an equilibrium state, and the 
metabolite compartment Cm can never reach steady state; the concen- 
tration in it will increase monotonously. From the above equations, it 
is seen that the free compartment can reach steady state when 
dCi(t)ldt — 0 , and this leads to CpJCp = Ky(k 2 ( + k 3 ). 

Also, when A ; 3 = 0 , the concentration in the compartment C| can 
reach an equilibrium state when K] Cp equals to k 2 C§, Such that the 
volume ol distribution of [ IR F]FDG in the free compartment in the sit- 
uation of steady state is: 

[VJ/jL = *!/(« + kt) 

[VJtijlcq ^ K* !k% 

The subscript in the expression /means the free FDG compartment (Cp), 
$$ denotes steady state, and eq denotes equilibrium. Equilibrium is never 
reached unless 1:5 = 0 and then [Vj/jla* — [Vj^]*,. This also implies 
that one can conduct a dynamic FDG PET study, estimate the rate con- 
stants, and from this directly estimate the volume of distribution of FDG 
without ever achieving steady state during the course of the PET study. 
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State equations for integrated activity 

In some cases, it will be necessary to account for the fact that a measure- 
ment from a scan from time points f-i to tj represents the integrated activity 
(AC) during that time period. This can be accomplished by minor modifications 
to Equations 2-15 and 2-16. Let 



AC*(t) = 




+ Cm(s) 



Ids 



d[AC*(t )] 
dt 



= Cp(t) + Cm(^) with AC*(0) = 0. 



Then the system state equations can be modified to give: 



d_ 

dt 



a 




~-(k* 2 + k* 3 ) 


k\ 
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a 




Ki 


Ch 
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k% 


-k% 
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Cm 


+ 


0 


AC* 




1 


1 


0 


AC * 




0 



cm = [ooi] 



Cl 

ch 

AC * 



Then the quantity [Cf(ti) ~ Cf((ti- 1 )] represents the measurement obtained 
from a scan over time t\~ \ to tp The state equation forms are important because 
computer routines are readily available to solve these equations directly without 
using the explicit solutions. The above equations can easily be modified to in- 
clude a spillover term to account for that fraction of measured PET activity that 
is from underlying blood pool and neighboring regions that physically spill into 
the region of interest. 97 

The estimation of the microparameters K*, k\ — k\ is necessary but not suffi- 
cient for estimating regional glucose utilization. To estimate regional glucose uti- 
lization, the competitive kinetics between FDG and glucose must be taken into ac- 
count. If one focuses on the compartment for Cm» by using mass balance one obtains: 



dC M {t) 

dt 



~k 4 CM{t) + k 3 Cy(t) — MRglc 



(2-18) 



Here, the metabolic rate of glucose utilization (MRglc) is the parameter of in- 
terest. At steady state, the above equation can be set equal to zero in order to 
solve for MRglc. Subsequently, using the principles of competitive kinetics, a 
lumped constant (LC) can be introduced to relate the behavior of the tracer FDG 
to glucose in order to obtain: 25,48 



MRglc = 



\ki+kt) 



Cp _ _Qp 
LC LC 



(2-19) 



Here Cp is the plasma concentration of glucose, also assumed to be in steady 



state, and K* = 



Km 



. Further details of this derivation and the lumped 



ki + k* 3 

constant are provided in the Appendix p. 213. It has been shown that the lumped 
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constant is relatively fixed under various physiological conditions, 98,99 but for 
applications to extreme conditions, it should be revalidated. Under most con- 
ditions, phosphorylation is limited over transport. States can be reached where 
transport can become rate limiting (e.g., extreme hypoglycemia or low blood 
flow) and the LC will change. This occurs because glucose is preferred over FDG 
for phosphorylation by hexokinase, but FDG is preferred over glucose by trans- 
porters. Thus, when the rate-limiting step shifts from phosphorylation to trans- 
port, the lumped constant will change. 

Alternative methods for estimating glucose utilization that have been used 
are also available. These approaches stem from the need to use practical and sim- 
plified methods that are conducive to clinical applications. It requires more time 
to obtain the full FDG kinetics so many approaches have been studied to esti- 
mate the glucose utilization rate under specific assumptions. The Patlak plot 56,57 
is one approach which does not require direct estimation of the microparame- 
ters K*, kj ~ k% and, instead, only requires the estimation of the macropara- 
meter K*. Through a transformation of the time- activity data, one can obtain a 
set of points which can be fit to a linear equation with the slope proportional to 
K * . One can, therefore, obtain as little as three time-points (from three dynamic 
PET images), and estimate K *. 100 



EXAMPLE 2-11 A 

The Patlak equation predicts that after some time I > t* a plot of 

c*(f) / C P^ ds 

— (y-axis) vs. n . — (x-axis) (where Cf is the total tissue ac- 

cm 7 cm T 

tivity and Q* is the plasma activity at time t) will be essentially linear 
with a slope of Derive that this is the case for the FDG model with 
k% « 0 . 



ANSWER 

Because fcj = 0, we can view the Cm compartment as irreversible. By 
this we mean that the tracer is essentially trapped once it enters this 
compartment. We begin by writing: 



Cf(t) = Cm + CmD) 



1) 



dt 



— total input — ArfCJtj(t) 



( 2 ) 



where the total input is the amount of tracer that enters into the irre- 
versible region per unit of time from both the plasma pool and the in- 
terstitial pool. Assuming that k £ is sufficiently close to zero, the total 
input in the above equation is approximately the same as when k£ = 
0. In order to obtain the total input, we proceed by letting (C£f)o rep- 
resent the amount of tracer present if in fact k£ — 0 (subscript 0 will 
be used to designate the case k£ = 0). Then we may write Equation 2 as 



d{ C.yj)o( f) 
dt 



K*Cftt) 



(3A) 
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so that by integrating the above over all time and solving for K* we 
obtain: 



K* — 



(Cm)q( x ) 

fcMds 

J o 



Uri, = mi,8/min 



(3B) 



Now we will also assume that for times greater than time t, the plasma 
concentration of tracer is zero, then we will have: 

fc&s)d$^ f CRs)ds (4) 

■ o 

We also notice that the concentration of tracer in the irreversible com- 
partment at time infinity will equal the amount that is there at time t 
plus the amount that is in the interstitial pool that does not go back to 
the plasma pool and out of the system. If we let G(t) represent the frac- 
tion of the amount of tracer in the irreversible compartment that does 
go back into the plasma and leaves the system, (notice that this frac- 
tion in general is a function of time) we can obtain: 

(Q»o(») = (ChMt) + [i “ G(t)] Cgt) (5) 

Substituting Equations 3 and 4 into the above, we obtain: 

k* f CRs)d$ = (qWo(r) + U - (6) 

■'g 

Solving Equation 6 for {CmJoM and differentiating, we obtain: 

d(cmt) din - m\ci(t)} t 

dt - K cp(t) " dt {7) 



By comparing this to Equation 2* we notice that the total input must 
he equal to the right hand side of Equation 6 (the value of the total in- 
put is the same whether or not k% = 0). Therefore, by substituting the 
right hand side of Equation 7 into Equation 2 we obtain: 

dC bP ± = K*c?(t) - 1/111 ~ G y )1C ^ (r) ^ - kf,CUt) (8) 

dt dt 

Solving the above differential equation (Equation 8) and integrating by 
parts, and using Equation 1 to obtain Cf(t) gives: 

Cf(t) - K*C&s) + mi - G(s)]Q(s)}ds + G(f)C|(f) (9) 

j q 

If the change in the plasma concentration eventually becomes small 
enough, then there will be a t* such that for all t > C|(f) = Cp(f) 

(an effective steady state is reached), and G(f) will become a constant 
G. Now since [1-G(f)] < 1, hf, ~ 0, so that for t> t* Equation 9 sim- 
plifies to: 

Cm - K* f V^- l >C£(s)ds + GCr>(t) ( 10 ) 

J Q 
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This last equation shows that if one plots: 



cut) 

cut) 



vs. 



\* cm ds 
J o 

cm 



a straight line will result (after t > t *} and that the slope of this line 
will be K* and the y-intercept will be G. 



EXAMPLE 2-1 1 R 

The data table below contains simulated sampling times and the plasma 
time-activity values (Plasma) in columns 1 and 2, respectively, and 
sampling times and the tissue time-activity values (Tissue) in columns 
3 and 4, respectively. 

Graph the plasma and tissue time-activity curves and the Patlak 
plot. Also estimate the slope of the Patlak plot. Note the last two columns 
of the table below will help you to make the Patlak plot. 











Cp(s/ds 












J o 


cm 


Time 


Plasma 


Time 


Tissue 


cm 


cm 


0,28 


0.02 


0.23 


0.00 


0,00 


0.00 


0,73 


200.84 


1.23 


32.85 


0,50 


0.03 


0.98 


1149.70 


2.23 


95.47 


2,27 


0.13 


1.48 


1453.60 


3.48 


1 24.92 


6,25 


0.33 


1.95 


832.43 


5,48 


145,45 


13,08 


0.64 


2.97 


477,88 


8.98 


155,05 


33.75 


1.47 


3.47 


37932 


1 7,48 


15832 


102.60 


3.90 


4,97 


249.13 


27.48 


16335 


209,56 


7.64 


7.97 


119.83 


37.48 


168,13 


336.42 


12.15 


11.95 


6238 


47.48 


171.82 


462.43 


16.64 


19 95 


30.93 


57,48 


1 74.68 


641.48 


23,03 


29.95 


18,24 


67.48 


176.80 


819.18 


29.36 


39.95 


1 239 


77.48 


178.59 


1028.30 


36.82 


59.97 


6.90 


87,48 


179.92 


1367.60 


48,92 


89.95 


339 


97.48 


180.94 


1 694.40 


60,55 


119.95 


1.79 


112.48 


1 82.09 


232930 


83.13 



ANSWER 




A. Time (mm) 
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Figures A and B above are the plasma and the tissue time-activity curves 
(TAG), respectively* 

The Patlak plot (Figure C* below) is obtained by plotting: 



fc*(s)ds 

J o 

C$t) 



(x-axis> un its of time) vs* 



cm 

C* p (t) 



(y-axis> unitless). 



The slope of the regressed line is estimated at 0*036 which should equal 
K* in Equation 2-19. 




There are also approaches in which a single time point (single PET image) 
can be obtained at relatively late times after the FDG injection; Equation 2-20 
is then used for estimating MRglc: 

MRglc 



Cp 

LC 






— [(k% - ax)e~ ol ' t + (a 2 - kt)e~ a 2‘] 

<*2 ~ Ct\ 

TLUsi ( e -a,t _ e -«2') ® cm 



® cm 



(2-20) 



a 2 - a! 
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In the above equation aq and a 2 are given by Equation 2-16, and Cf(T) is the 
PET image-based value of tracer concentration. The mean population values for 
Ki, k\ — k\ can be used and Cp(t) must be determined (e.g., by arterial sam- 
pling and radioactivity counting). One might at first glance expect that equation 
2-20 would not do well in estimating MRglc because mean values for the mi- 
croparameters K* y k^. k\ are utilized when, in fact, changes in rates of me- 
tabolism occur through changes in K *, k\ — k\ and plasma glucose concentra- 
tion. However, for relatively late times of 40 to 120 minutes after FDG injection, 
the term Ct(T) dominates relative to the term containing the microparame- 
ters, 25,48 and, therefore, the exact rate constants for a specific rate of metabo- 
lism are not required. Modifications of Equation 2-20 have also been proposed 
for specific applications to various populations. 101,102 A direct comparison of 
various simplified approaches to FDG quantitation in oncology studies has been 
published and further highlights some of the important issues. 103 

13 N ammonia perfusion assay 

Blood flow is the amount or volume of blood supplied during a time interval to 
an organ or tissue type of interest. Flow has units of volume per unit of time 
(ml/min). Perfusion is defined as flow per unit of mass of tissue (ml/min/g tis- 
sue). The term blood flow as used in this section refers to blood perfusion. To un- 
derstand the modeling of 13 NH 3 tracer kinetics, it is important to incorporate 
the concepts of extraction fraction discussed earlier (see Tracer Extraction, this 
chapter). 

Studies with 13 NH 3 and canine myocardium 104,105 using residue function 
measurements have shown the relationship between the first pass extraction frac- 
tion E and the perfusion (F). These studies also showed a relationship between 
the retention fraction E r and the perfusion (F). The relationships are given as: 

E = 1 - 0.096c - L09/p = 1 - e ~0~MF+\m)iF 
E r = 1 — 0.607c - L25/p = 1 - e -(^+i.25)/F (2*21) 

where F is in units of milliliters per minute per gram. In these equations, E rep- 
resents first pass extraction of 13 NH 3 from the capillaries into the interstitial 
space, and E r represents the extraction from the capillaries and interstitial spaces 
into a slowly exchanging myocardial pool from metabolism of 13 NH 3 . By com- 
paring Equations 2-4 and 2-21 one obtains: 

PS (ml/min/g) = FI 2 + 1.25 for F in ml/min/g (2-22) 

where this PS represents the permeability surface product of the cellular mem- 
branes. Notice that the PS product is not a constant but a function of flow, as 
compared to the rigid tube model shown in the Renkin-Crone equation (Equa- 
tion 2-4). 

By defining the retention fraction to be the ratio of tracer extracted by the 
tissue to the total amount delivered, one can write the concentration of tracer 
in tissue (C m ) at time T to be 

C m (T) = E r F \ T C P (t)dt (2-23) 

J o 

where C p (t) is the concentration of tracer in the blood. This equation is some- 
times useful for quantitating the product of E r and F but does not account for 
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changes in the retention fraction as a function of flow. It can, however, be solved 
for F if one can use a known relationship such as Equation 2-21 for the de- 
pendence of E r on F. 

13 NH 3 two-compartment model 

Shown in Figure 2-17 is the 13 NH 3 two-compartmental model used for the 
estimation of regional myocardial blood flow (rMBF). This model was originally 
proposed by Smith 106 and has previously been validated in canine myocardium 
by comparing estimates obtained from PET studies and model fitting against the 
microsphere method. The two compartments represent the mass of tracer in a 
relatively fast pool (Qf) which has a volume of distribution Vy- (ml/g) and mass 
of tracer in a slower pool (Q*). The units of Qf and Q* are in counts per pixel 
(equivalently, c/g tissue). 

The tracer is brought into the fast pool by blood which arrives at a mean 
perfusion F (ml/min/g) (F is equivalent to rMBF). The tracer may leave the fast 
pool through venous outflow at a mean perfusion F, or it may be transported 
into the slow pool as governed by a parameter K* (F) (ml/min/g), which is not 
a constant, but depends on the blood flow. Tracer may also slowly be exchanged 
between the slow pool back to the fast pool as governed by the rate constant k * 
(min -1 ). 

Many features of this model must be understood before proceeding. The fast 
and slow pools can be associated with their biochemical and physiological coun- 
terparts but this must be done with caution. Isolated rabbit heart septum ex- 
periments suggest that 13 NH 3 tracer kinetics have 2 fast and 1 slow exponential 
components, suggesting that three compartments are necessary, but applications 
to PET data indicate that only two exponential components are separately iden- 
tifiable. This is primarily because of the inadequate temporal resolution of PET. 
Various sources of noise can also make the separation of the two fast compo- 
nents difficult. The two compartments in this model represent a free space, com- 
posed of vascular and freely diffusible 13 NH 3 , and a second compartment for 



F 



FIGURE 2-17. Two-compart- 
ment 13 N Ammonia Model. The 
two compartments represent 
fast and slow turnover pools for 
the tracer. Tracer arrives at a 
flow rate F (or rMBF) into the 
fast compartment which has a 
volume of distribution V>. From 
the fast compartment, the tracer 
can move to the slowly ex- 
changing compartment as gov- 
erned by the parameter K* (F). 
It can also slowly return to the 
fast pool as governed by the 
rate constant k** 
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products of 13 NH 3 metabolism. This model essentially lumps the free 13 NH 3 
ammonia regardless of whether it is in the vasculature, interstitial space, or even 
within cells. This freely diffusible pool is the relatively fast pool. The metaboli- 
cally bound 13 NH 3 (primarily in the form of 13 N-glutamate and glutamine) is 
the slow pool where the tracer is effectively trapped. 

The parameter K* (F) can be explicitly written once the compartmental ex- 
traction fraction is known. The extraction of tracer from the fast to the slow 
compartment can be written as (for k*= 0): 



E r = 



Kt 

(Kt + F) 



(2-24) 



which is an alternate way 107 of describing the compartmental extraction fraction 
as compared to the standard Renkin-Crone equation discussed previously (see 
Tracer Extraction, p. 141). This equation can also be used with E (as opposed 
to £ r ), depending on the process being modeled. By equating the retention frac- 
tion of Equation 2-21 to Equation 2-24 we obtain: 



K\ ( F ) = F\ 



FI 2 + 1.25 

e F - 1 



(2-25) 



Equation 2-25 forms the basis for why K * is written as K * ( F ) in the 13 NH 3 
2-compartment model. E r is used to obtain K * ( F ) because E r represents ex- 
traction of tracer from the fast to the slow pool. 



State equations 

The state equations governing the amount of tracer in the compartments are 
given as 







“(«*! + f) ,* 








Q/ 




Vf k ' 


’ of 


+ 


FP„ 


Q*_ 




« -K 

L y / J 


_Q*_ 


0 





(2-26) 



cut) = [i 




where a dot over a quantity represents the derivative with respect to time of that 
quantity. The parameter pb is the density of blood (~1 g/ml). Here Cp represents 
13 NH 3 activity in blood and is approximated by the LV time-activity curve which 
is in units of counts per pixel. The model response C^(t) is activity from both the 
slow and fast pools and is also in units of counts per pixel. In the above state equa- 
tions, K\ is not a parameter to be estimated but is instead given by Equation 2- 
25 which is entirely in terms of the flow parameter. Although these equations are 
easily extended to account for scan duration and integrated activity, the midtime 
scan approximation can be used, so that CUtn) will represent the activity meas- 
urement at the midtime of scan number n in counts per pixel per second. 

This 2 -compartment model has successfully been used to estimate rMBF 
while fixing Vf = 0.8 ml/g, fixing k* = 0 min -1 , and using a dynamic imaging 
protocol with several short duration (10-15 seconds) scans followed by some 
longer scans during which the myocardial wall is better imaged. The earlier scans 
allow for adequate sampling of the blood time-activity curve as approximated 
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by the LV time-activity curve. Strictly speaking, the blood time-activity data must 
be corrected for metabolites before using the data with this model. The blood 
time-activity curve must also be corrected for the fraction of blood pool activ- 
ity that is due to components other than 13 NH 3 . For use of data at later times, 
one must additionally account for metabolites that may be taken up from blood 
by myocardial tissue. 

In human studies, the model fitting can be performed with time-activity data 
from approximately the first 2 minutes only, during which time the effects of 
metabolites in blood have been shown to be negligible. 108,109 This removes the 
need for metabolite determination and blood time- activity curve correction. The 
model fitting can be accomplished with the same model described above. The 
primary assumption is that E r (see Equation 2-24) is still given by the relation- 
ship determined for canine myocardium. The use of this relationship in human 
studies will need further investigation. Applications of the 13 NH 3 assay for meas- 
uring myocardial perfusion can be found in Chapter 6. 

Other tracer kinetic models and quantitation approaches for perfusion while 
using 13 N Ammonia have also been proposed in the literature and are discussed 
elsewhere 110,111 and in Chapter 6. Practical simplifications to the 13 N ammonia 
model including a Patlak approximation have also been reported. 112 Other is- 
sues related to tracer kinetic modeling specifically for nuclear cardiology stud- 
ies are discussed elsewhere. 113 

Receptor-ligand assays 

Some assays for PET require modeling a process in which the PET tracer is a 
ligand for one or more tissue receptors. The binding of ligand to receptor may 
be reversible or irreversible. Important parameters in these assays include fi max 
(concentration of receptors typically in moles of receptor per gram of tissue), 
k 0 ff (disassociation rate constant for an in vitro experiment where ligand in a 
dialysate or supernatant is exposed to a tissue sample which contains receptors), 
k on (association rate constant in vitro), iQ (which equals k 0 tf/k 0n ) (Figure 2-18), 
and finally the rate coefficients and constants in a tracer kinetic model for mod- 
eling the in vivo behavior of the radiolabeled ligand (Figure 2-19). 

In many cases, a three-compartment model is assumed to adequately describe 
ligand kinetics in areas where there are receptors. The first compartment represents 
the arterial concentration of tracer, the second represents the free compartment 
(consisting of several regions including interstitial fluid and intracellular cytoplasm), 
and the third compartment is the region of specific binding. The nonspecific bind- 
ing compartment is often lumped with the free compartment because in practice 
this compartment is in rapid equilibrium with the free compartment. In regions 



FIGURE 2-18. Receptor-ligand 
Model in vitro. In vitro compartment 
model for describing kinetics of re- 
ceptor ligand assays. A dialysate or 
supernatant containing ligand can in- 
teract with a tissue sample contain- 
ing receptor. The rate of association 
(ko n ) and disassociation {k Q ff) govern 
ligand-receptor kinetics. 




kon = association rate constant 
kQff = dissociation rate constant 
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region of 
specific 
binding 




arterial 



specifically 

bound 




FIGURE 2-19. Receptor-ligand Model in vivo. The reference region contains no re- 
ceptors and, therefore, is represented by a two-compartment model. The specific bind- 
ing to receptor is represented by compartment 3 and the kinetics are represented by 
k 3 and k 4 . 



where there are no receptors, a two-compartment model usually suffices. In con- 
trast to in vitro experiments, for a single injection of radioligand, one can only de- 
termine variables that are proportional to 5 max /£d instead of each individual pa- 
rameter separately, 114 commonly referred to as the binding potential. 

If multiple tracer injections are performed at different specific activities, then 
it becomes possible to estimate B m2LX directly. 115 Another important distinction 
between in vitro experiments and PET experiments for receptor and ligand in- 
teraction is that for PET experiments the ligand does not usually reach equilib- 
rium; however, the time-activity data are fit to derive parameters found at equi- 
librium. One of the most common errors is to assume that the tracer kinetic 
model parameters are equivalent to parameters in the in vitro assay; they are re- 
lated but not equivalent. If an input function is not available, then approaches 
have been developed that use reference regions. 114 Further details of various 
models and approaches to fitting PET receptor and ligand data may be found 
elsewhere. 114,116,117 For examples of specific PET receptor ligand assays, the 
reader is referred to Chapter 7 and the following references: 64,70,1 18-140 



EXAMPLE 2-12 

Show = where [L] is ligand concentration in serum, [LR] 

Kd m 

is the concentration of bound ligand to serum, [R] is the unbound re- 
ceptor concentration, and = K t j for models in Figure 2-19. 
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Assays for imaging reporter gene expression 

For discussion of this assay, a different approach than that used in previous sec- 
tions will be used. We will discuss this assay so as to integrate some of the con- 
cepts discussed throughout this chapter. We will go through each of the steps of 
model development as shown in Figure 2-4 to reinforce the issues related to as- 
say development. We will first begin with some background information on re- 
porter genes to establish the foundation of the environment to be modeled and 
then proceed to the development of a PET-based assay. 

The process of gene expression involves transcription of a gene into messen- 
ger RNA (mRNA), and translation of mRNA into protein 142 (Figure 2-20). The 
process of transcription is regulated by regulatory regions (e.g., promoters/ 
enhancers) leading to control over levels of mRNA expressed. These regulatory 
regions are coded in the DNA and bind various proteins, leading to transcrip- 
tion of a specific gene. The fact that some genes are only transcribed in some 
cells and not others is due to the presence of cell-type-specific regulatory pro- 
teins that interact with the regulatory DNA regions, as well as cell-type-specific 
DNA methylation and histone modification patterns. Many potential targets of 
PET tracers are proteins either on the cell surface and/or within the cells. One 
of the potential limiting issues for PET assay development is the need for new 
tracers for each and every new cellular target. Approaches to working around 
this limitation include the use of reporter gene assays described next. 

Molecular biologists have long used reporter genes both in cell culture and 
in vivo to monitor gene expression. The term reporter is used because the re- 
porter gene can report back on one or more cellular events. Reporter genes can 
be used to study promoter/enhancer elements involved in gene expression by 
mutating the regulatory regions to determine what are the critical regions in- 
volved in regulation. Inducible promoters (e.g., tetracycline responsive elements) 
can be used to look at the induction of gene expression by externally controlled 
inducers (e.g., doxycycline), and endogenous gene expression can be indirectly 
studied through the use of transgenes containing the endogenous gene promot- 
ers fused to the reporter gene. In all of these areas of application, the introduc- 
tion of a transgene into the target tissue(s) has to be first accomplished. Sub- 
sequently, expression of the reporter gene can be tracked, and therefore, gene 
expression can be studied. The key is that regulatory regions (promoter/ 
enhancer) can be fused with reporter genes to study many different processes 
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FIGURE 2-20. Cellular Gene Expression. DNA is transcribed into pre-mRNA in the cell 
nucleus under the control of regulatory regions known as enhancers/promoters. The pre- 
mRNA is processed into mRNA which is then transported to the cytoplasm and translated 
by ribosomes into proteins. The proteins are responsible for the structure and various bio- 
chemical functions of the cell. These functions include regulation of gene expression it- 
self, metabolism of substrates, cell cytoskeletal structure, cell surface receptors, substrate 
transporters, and so on. Most PET assays to date are aimed at quantitation of protein lev- 
els (e.g., receptor and enzyme assays and reactions mediated by these proteins). 



of interest without developing a new probe (tracer) for each process of interest. 
Although these approaches are indirect , they are powerful because they allow 
the study of many different processes. 

Specific examples of conventional reporter genes include the bacterial gene 
chloramphenicol acetyl transferase (CAT) and the lacZ gene which codes for /3 - 
galactosidase. Autoradiography of a chromatogram (when using CAT) or en- 
zyme assay (when using lacZ) can then be used to assay cell extracts for the prod- 
uct of the reporter gene. 141 For tissue specimens, the same reporter genes can 
also be used, with the use of immunohistochemistry or histochemical staining. 
A reporter gene (e.g., alkaline phosphatase) which can lead to a protein prod- 
uct secreted into the blood stream can also be used, thereby allowing monitor- 
ing in living animals. However, the location (s) of the reporter gene is (are) not 
determined in this case because only the blood can be sampled easily. 

Conventional reporter gene methods are limited by their inability to nonin- 
vasively determine the location(s) of gene expression in living animals and do 
this repeatedly over time in the same animal. Approaches using fluorescence 
with green fluorescent protein (GFP) 142-145 and bioluminescence with firefly/ 
renilla luciferase 142-146 have proven to be useful in rodents due to the relatively 
small amount of tissue that visible light must traverse through for external de- 
tection. However, these imaging techniques are limited because of their lack of 
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generalizability (e.g., GFP would not work with most human applications) and 
detailed tomographic resolution. Further details of optical approaches can be 
found elsewhere. 147-149 

PET imaging offers the means for monitoring the location(s), magnitude, 
and time-variation of reporter gene expression (with potentially very high sen- 
sitivity) for in vivo use in animals and humans. Shown in Figure 2-21 is the gen- 
eral approach in which a PET reporter gene which encodes for either an enzyme 
or receptor can lead to the trapping of a radioactive imaging reporter probe 
(tracer), thereby allowing imaging of reporter gene expression. 

Properties of the ideal reporter genes for PET imaging 

The ideal reporter gene/reporter probe assay should have the following char- 
acteristics: 150,151 

1. The reporter gene should be present in mammalian cells but not commonly 
expressed (this will prevent an immune response). 

2. When expressed, the reporter protein should produce specific reporter probe 
accumulation only in those cells in which it is expressed. 

3. When the reporter gene is not expressed, there should be no significant ac- 
cumulation of reporter probe in cells. 



FIGURE 2-21. PET Reporter Gene Schematic. Introduction of a PET reporter gene into 
target celKs), with subsequent expression of the reporter gene leads to trapping of an 
imaging PET reporter probe. The reporter gene is driven by a promoter of choice lead- 
ing to transcriptional control of the reporter gene. The reporter probe can be trapped 
due to an enzyme or receptor mediated mechanism. The imaging probe does not have 
to enter the cell if the reporter gene encodes for a receptor located on the surface of 
the cell. Cells that do not express the reporter gene should not significantly trap the 
reporter probe leading to specific signal only from those cells in which the reporter 
gene is expressed. 
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4. There should be no significant immune reaction to the reporter gene prod- 
uct unless one is desired (e.g., cancer therapy). 

5. The reporter probe should be stable in vivo and not be converted to periph- 
eral metabolites that complicate the development of a quantitative assay. 

6. The reporter probe should be rapidly cleared from the blood and nonspe- 
cific sites in tissues and preferably have an elimination route that does not 
interfere with the detection of specific signal. 

7. The reporter probe should be conveniently radiolabeled with a variety of ra- 
dionuclides without significant change in its properties and should be la- 
beled with an appropriate specific activity. 

8. The reporter probe or its metabolites should not be cytotoxic at the con- 
centrations used. This is likely to be the case for most tracer applications, 
which are based on very low concentrations of tracer. 

9. The size of the reporter gene and the promoter driving it should be small 
enough to fit in the delivery vehicle (e.g., for a conventional adenoviral vec- 
tor the upper limit is ~7 Kb). This requirement can be relaxed for animal 
applications such as transgenics in which a delivery vehicle is usually not 
needed. 

10. The reporter probe must be able to reach the area(s) of interest without 
transport across membranes being a significant limitation. 

11. The reporter probe image signal should correlate well (over the range of con- 
centration relevant to the study paradigm) with levels of reporter gene mRNA 
and protein in vivo. 

12. The reporter gene assay should correlate well with levels of endogenous gene 
expression, if the reporter gene is being used to indirectly monitor endoge- 
nous gene expression. 

No single reporter gene/reporter probe system currently meets all these cri- 
teria. It is likely that each reporter gene /reporter probe system will only meet 
some of the above criteria, and therefore, different reporter systems will have 
to be chosen based on the intended application. The development of multiple 
reporter gene/reporter probe systems will help to provide a choice, based on 
their application of interest, for future investigators. Furthermore, by having 
multiple reporter gene assays, it should be possible to monitor the expression of 
more than one reporter gene in the same living animal or human. Several re- 
porter gene assays have already been developed or are under active investiga- 
tion. 149,152 This section we will focus on one of the more extensively studied re- 
porter genes, the herpes simplex virus Type-1 thymidine kinase (HSVl-tk) 
reporter gene. Notice that HSVl-tk denotes the gene and HSV1-TK denotes the 
enzyme. 

Assay for HSVl-tk reporter gene expression 

In order to develop the HSV 1 -tk reporter gene assay, this section will strictly 
follow the approach outlined earlier in Figure 2-4. First, characterize the goals 
of this assay. It is desired that from the PET time-activity data of a reporter probe 
(e.g., a tracer such as radiolabeled penciclovir that is phosphorylated by HSV1- 
TK), that one can estimate the rate of reporter probe phosphorylation and, there- 
fore, the relative concentration of HSV 1 -TK. Although the assay is referred to 
as one to measure HSVl-tk reporter gene expression, it is more specifically an 
assay to measure HSV 1 -TK enzyme activity. The link between HSV 1 -TK enzyme 
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activity and levels of HSVl-tk messenger RNA (mRNA) are not directly deter- 
minable by using a reporter probe for HSV1-TK alone. Furthermore, the rate of 
transcription of the HSVl-tk gene is also not directly determinable. However, 
in some applications it may be the case that levels of active HSV1-TK correlate 
well with levels of gene transcription and mRNA translation. Furthermore, if the 
HSVl-tk reporter gene is being used to monitor an endogenous gene of inter- 
est (by using an endogenous promoter to drive transcription), then it may also 
be the case that the assay can indirectly quantitate levels of endogenous gene 
mRNA and/or protein. 153 The motivation for quantitating HSVl-tk reporter 
gene expression is that it may allow determining the levels of gene expression in 
target tissue(s), monitoring of specific cell populations that are expressing the 
reporter gene, as well as a whole host of other applications discussed later. No- 
tice it is not the goal of the assay being discussed here to understand the rate of 
ganciclovir/penciclovir uptake/phosphorylation as in a treatment paradigm 
while using an imaging tracer to monitor treatment. The assays as derived here 
do not assume any competition with a pharmaceutical agent. 

The next step in assay development is to work with the biologist and chemists 
to characterize the underlying biochemistry for this reporter system. Two known 
mammalian thymidine kinases are a mitochondrial and a cytosolic enzyme. 154 
These kinases are responsible for catalyzing the transfer of the y-phosphate from 
ATP to the 5 '-terminus of deoxythymidine to form deoxythymidine monophos- 
phate (dTMP). When cells are infected with the Herpes simplex virus, the viral 
thymidine kinase is also expressed. The viral thymidine kinase has relaxed sub- 
strate specificity as compared to the mammalian thymidine kinases and is ca- 
pable of phosphorylating both pyrimidine and purine nucleoside derivatives, 155 
as well as deoxythymidine. These compounds, when phosphorylated, are trapped 
intracellularly (due to their negative charge). Figure 2-22 shows some of the 
tracers utilized for the HSVl-tk reporter gene assay and their full chemical 
names and abbreviations. These tracers include 8-[ 18 F]-fluoroacyclovir (FACV), 
8-[ 18 F]-fluoroganciclovir (FGCV), 8-[ 18 F]-fluoropenciclovir (FPCV), 9- [ (3- 
[ 18 F]fluoro-l-hydroxy-2-propoxy)methyl]guanine (FHPG), 9-(4-[ 18 F]-fluoro- 
3-hydroxymethylbutyl)guanine (FHBG), and 5-iodo-2'-fhioro-2'-deoxy-l-/3-D- 
arabinofuranosyluracil (FIAU). Figure 2-23 illustrates some of the biochemical 
issues for the HSVl-tk reporter gene that must be considered in developing an 
assay. 

The discovery that 9-(2-hydroxyethoxymethyl)guanine (acyclovir) is phos- 
phorylated by the viral thymidine kinase but not significantly by the mammalian 
TKs resulted in one of the most successful approaches to the treatment of Her- 
pes simplex virus (HSV) infection. 156 Subsequent phosphorylation of acyclovir 
monophosphate by guanylate kinase to form acyclovir diphosphate, followed by 
phosphorylation by various cellular enzymes leads to the formation of acyclovir 
triphosphate. Acyclovir triphosphate leads to DNA chain termination when it is 
incorporated into DNA and acts as a more potent inhibitor of the viral DNA 
polymerases than of cellular polymerases (enzymes that are involved in synthe- 
sis of DNA/RNA). The DNA polymerases of HSV Type 1 and 2 also use acy- 
clovir triphosphate as a substrate and incorporate it into the DNA primer-tem- 
plate to a much greater extent than do the cellular enzymes. The viral DNA 
polymerase binds strongly to the acyclovir triphosphate-terminated template and 
is thereby inactivated. 156 Multiple substrates for HSV1-TK including ganciclovir 
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FIGURE 2-23. Pathways of Competition Between Thymidine, Acycloguanosines 
(FGCV/FPCV/FHBG), and the Mamallian (MML) and HSV1 thymidine kinases (tk). In a 
cell in which the HSVI-tk gene is being transcribed, there will be mammalian thymi- 
dine kinases (MML-TK) as well as HSVI-TK. HSVI-TK can potentially phosphorylate 
thymidine and various substrates (e.g., fluorinated derivatives of ganciclovir and penci- 
cloivr). However, the MML-TK does not significantly phosphorylate FGCV/FPCV/FHBG. 



The use of HSVI-tk as a reporter gene is possible because it can potentially 
lead to trapping a reporter probe only in those cells in which it is expressed. Sev- 
eral characteristics of HSVI-tk make it an ideal reporter gene: 

1. Several substrates (e.g., acyclovir, ganciclovir, penciclovir, thymidine 
analogs) can be trapped in cells by the HSVI-TK enzyme through phos- 
phorylation. 

2. The FGCV, FPCV, and FHBG substrates for HSVI-TK are not significantly 
phosphorylated by the mamallian thymidine kinases and thymidine analogs 
only minimally so. 

3. Each enzyme molecule can potentially phosphorylate many individual sub- 
strate molecules leading to significant signal amplification. 

4. Various substrates can potentially be labeled with Carbon- 11, Fluorine- 18, 
or Iodine- 124 to produce a PET compatible tracer. 

In addition to these advantages, some potential disadvantages are: 

1. The HSVI-tk gene is a foreign gene and produces a protein (HSVI-TK) that 
can lead to an immune response. 

2. There is the necessity of transport of any potential substrate (tracer) into the 
cell in order for HSVI-TK to subsequently phosphorylate the tracer. 
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3. Enodgenous substrates (e.g., thymidine) could potentially compete with the 
tracer of choice for both transport and phosphorylation. 

4. Expression of the reporter gene may interfere with normal cellular processes, 
although at low levels of expression this should be negligible. 

One potential use of HSVl-tk as a reporter gene coupled with a reporter probe 
(e.g., Fluorine-18 labeled ganciclovir/penciclovir) is illustrated in Figure 2-24. 
This particular use verifies successful viral infection of target tissue(s). 

The next step in assay development is to select tracers for measuring HSV1- 
TK enzyme activity. Several previously discussed pharmacological agents are 
known to be useful because of their ability to be phosphorylated by FfSVl-TK. 
As is often the case, tracers for PET imaging have their origins as pharmacolog- 
ical agents that may or may not be therapeutically useful. The structure of some 
of the potential tracers for FiSVl-TK are shown in Figure 2-22. It must be kept 
in mind that in order to select the best tracer for this assay, many variables come 
into play. First, even if a substrate has a favorable affinity 17 for HSV1-TK, this 




FIGURE 2-24. Herpes-Simplex Virus Type 1 Thymidine Kinase (HSV1 -tk) Reporter Gene 
and FGCV Reporter Probe. Adenoviral mediated delivery of the herpes simplex virus 
Type 1 thymidine kinase (HSVl-tk) reporter gene driven by the cytomegalovirus (CMV) 
promoter. Delivery and subsequent expression of the HSVl-tk reporter gene lead to 
accumulation of a PET reporter probe (e.g., FGCV, FHBG) only in cells that express 
the HSVl-tk reporter gene. The accumulation of probe is due to phosphorylation of 
the probe by the HSV1-TK enzyme. Although the adenovirus is depicted as delivering 
the HSV1 -tk reporter gene, many alternative approaches for delivering the reporter gene 
to target cells could be utilized. 
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may not be enough. Transport of the substrate into and out of the cell is a key 
step, and if transport is limited, it may negatively effect the assay. If the substrate 
does not compete well against endogenous substrates (e.g., thymidine) for phos- 
phorylation by HSV1-TK, then this may be an additional limitation. If the sub- 
strate has a favorable affinity for mammalian TKs, then this will lead to unde- 
sirable background signal in those cells that do not express HSVl-tk. At the time 
of this writing, it is not clear which substrate is the best choice based on the 
above considerations. It is clear, however, that penciclovir is likely a better can- 
didate than ganciclovir and acyclovir. 158 It is not clear if thymidine analogs (e.g., 
FIAU) are always better than the acycloguanosines, but recent data suggest that, 
for the HSV1-TK enzyme, they should be superior. 159 



EXAMPLE 2-13 

From an assay development perspective, which labeling strategy, a Flu- 
orine- 18 labeling of penciclovir in the Carbon-8 position (FFCV) ver- 
sus the side-chain Fluorine- 18 labeling of penciclovir (FHBG), is bet- 
ter and why in choosing a reporter probe for HSVl-TK? Assume that 
the fluorine chemistry would not limit either labeling approach. 

ANSWER 

The 8-position labeling is a better strategy because it does not lead to 
a racemic mixture of probes. The side-chain labeling leads to a chiral 
carbon and this complicates the assay significantly because of the po- 
tential for different uptake, clearance, and phosphorylation rates for 
the two resulting compounds. 

The side-chain, however, is better in practice because of the higher 
affinity of the tracer and the ease of labeling with F~ rather than F 2 . 
Tracer and assay development are an iterative process as illustrated in 
Figure 2-4, Notice also that F~dabelmg reactions also produce imag- 
ing probes with higher specific activity (see Chapters 3 and 4). 



Even if there were a clear choice of substrate for HSV1-TK, it should be noted 
that the ability to radiolabel the substrate with a positron- emitting isotope can 
significantly effect the final choice. For example, FIAU can theoretically be la- 
beled with F-18, 1-124, N-13, 0-15, or C-ll, but it is difficult to know which 
might be the best choice without performing some biological studies. In addi- 
tion, a high-specific activity for the final tracer would be desirable, and this may 
effect the choice of the isotope and labeling strategy selected. All of these issues 
for tracer development must carefully be discussed with the chemists (see Chap- 
ters 3 and 4). 

To be guided when choosing radiolabel for a given substrate, it is often de- 
sirable to first use 3 H, 14 C, or other beta emitters in cell culture and whole-body 
autoradiography studies. This allows one to determine the pharmacokinetics of 
the tracer in cell culture and in vivo. If the pharmacokinetics show that the tracer 
is relatively slow in achieving a high target to background ratio then positron- 
emitting isotopes with a longer life may have to be used to label the substrate. 
A further discussion of these issues can be found in Desirable Properties of Mol- 
ecular Imaging Probes p. 158. 
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Initial studies in the author’s laboratories used 3 H/ 14 C ganciclovir in cell cul- 
ture to examine some of these issues. 160 C6 rat glioma cells were infected with 
varying titers (e.g., amounts) of an adenovirus carrying the HSVl-tk reporter 
gene driven by the cytomegalovirus (CMV) constitutive promoter (Ad-CMV- 
HSVl-tk). This was done to achieve different levels of HSVl-tk reporter gene 
expression. The adenovirus is replication incompetent so that it can infect cells 
and deliver the HSVl-tk reporter gene but does not lead to viral replication and 
cell death. The C6 cells were then exposed to different levels of 3H/14C acyclovir 
and ganciclovir, and it was determined that 1 to 2 h of exposure to tracer was 
sufficient to maximize the ratio of accumulated activity to initial activity in the 
cell medium. 160 Furthermore, it was found that increasing levels of HSV1-TK 
enzyme activity and HSVl-tk mRNA normalized to GAPDH (a housekeeping 
protein in the cell) correlated well with levels of 3H -ganciclovir accumulation. 
This is important because it meets the requirements of the assay that accumu- 
lation of tracer correlate with levels of reporter gene expression. 

Although the cell culture data support the use of isotopes with a half-life 
of 1 h or greater, it is important to verify if this is the case in vivo. Simple 
biodistribution studies in which tracer is injected and mice are sacrificed at 
some time later for counting of organ radioactivity can be quite useful. 160 
Mouse models were studied in which varying titers of Ad-CMV-HSVl-tk were 
injected in a tail vein followed 48 h later by an injection in a tail vein of 14C- 
ganciclovir. 160 The introduction of the adenovirus via a tail vein leads to the 
expression of HSVl-tk primarily in the liver due to presence of coxsackie ade- 
noviral receptor on hepatocytes. 161,162 Shown in Figure 2-25 is a digital whole- 
body autoradiogram (DWBA) of three mice 1 h after an injection of 14C-gan- 
ciclovir in a tail vein. The DWBA confirm several issues, including: 1) Sufficient 
tracer has cleared from the blood and tissues not expressing HSV1-TK at 1 h 
after injection of the tracer; 2) background routes of clearance include the kid- 
neys and liver; 3) the liver is the primary site of accumulation of tracer and 4) 
greatest tracer accumulation in liver occurs in the mice injected with the high- 
est viral titer. However, viral titer does not correlate well with DWBA liver sig- 
nal, as the titer injected does not correlate well with levels of HSVl-tk ex- 
pression in the liver as measured directly by analysis of liver samples for 
HSV 1 -TK activity. 



FIGURE 2-25. Digital Whole-body Autoradiography for 14C-Ganciclovir. A1, B1, and 
Cl and A2, B2, and C2 are anterior and posterior coronal longitudinal sections, re- 
spectively. A1 and A2 are of a mouse injected with 1 .0 X 1 0 9 plaque-forming units 
(pfu) of control virus. B1 , B2 and Cl , C2 are of mice injected with 0.5 X 1 0 9 and 1 .0 X 
10 9 pfu of AdCMV-HSVI-tk virus, respectively. In each case, a mouse coronal-section 
photograph (left side) and the corresponding digital whole-body autoradiogram (right 
side) are shown. Each mouse was injected with virus —48 h prior to the injection of 
[8- 14 C]-GCV. Each mouse was sacrificed —60 minutes after the injection of [8- 14 C]- 
GCV. Horizontal scale bar = 10 mm. The DWBA pixels represent the % ID/g tissue as 
shown in each intensity scale to the right of the DWBA. Notice that each scale is non- 
linear and different for each DWBA to enhance the outline of the mouse relative to 
the various signals seen within a given coronal section. Abbreviations: B, brain; BL, 
bladder; DWBA, digital whole-body autoradiography; I, intestine; K, kidney; L, liver; 
M, muscle. (Reproduced with permission from Herz J, Gerard RD. Adenovirus-medi- 
ated transfer of low density lipoprotein receptor gene acutely accelerates cholesterol 
in normal mice. Proc Natl Acad Sci USA 1993;90:2812-2816.) 
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Subsequent to the DWBA mouse studies, it was concluded that the phar- 
macokinetics supported the use of a Fluorine- 18 (half-life = 2 h) ganciclovir re- 
porter probe for microPET imaging of HSVl-tk reporter gene expression. The 
author and colleagues initially decided to pursue an 8-position labeling of gan- 
ciclovir 163 with Fluorine- 18 because it does not lead to a racemic mixture as does 
a side-chain labeling approach to produce FHPG. It was also subsequently dis- 
covered that 3H-penciclovir has greater accumulation than 3H -ganciclovir in C6 
cells expressing HSVl-tk 158 and therefore decided to label penciclovir in the 8 
positions with Fluroine-18 to produce FPCV. Studies with both FGCV and FPCV 
reveal that they have significantly decreased ability to be phosphorylated by 
HSV1-TK than do 3 H-ganciclovir and 3 H-penciclovir. 158 The 8-position label- 
ing with fluorine does interfere with the binding of substrate to enzyme, per- 
haps due to the significantly higher electronegativity of fluorine relative to hy- 
drogen. Several laboratories have utilized FHPG 164,165 and FHBG 166 and 
subsequently validated that FHBG is the best PET reporter susbstrate for HSV1- 
TK as compared to FHPG, FPCV, FGCV, and FACV. 158,167 Current synthesis of 
FHBG does, however, produce a racemic mixture. Research is being conducted 
to produce methods to synthesize a single isomer so as to make modeling of the 
tracer simpler and more quantitatively rigorous, as well as to improve the speci- 
ficity of the probes. 

Several groups have also explored Iodine- 124 radiolabeling of FIAU 168 as 
well as its derivatives. These thymidine analogs may have advantages over the 
acycloguanosines and will require further investigation. Iodine- 124 has a long 
half-life (ti /2 — 4 days) which has advantages for certain applications (e.g., for 
mouse imaging in which one needs to clear bladder and gastrointestinal activ- 
ity by waiting for many hours after tracer injection) and disadvantages for oth- 
ers (e.g., repetitive imaging of gene expression must wait 10 to 12 days or one 
must use techniques to subtract activity from previous injections). A recent study 
demonstrates that 124 I-FIAU is superior to FHBG for imaging HSVl-tk reporter 
gene expression in stably transfected tumors. 159 This same study also lends 
support to pursuing an 18 F labeling of FIAU due to reasonable imaging con- 
trast within 15 to 30 minutes after tracer injection in living rodents. The author 
and colleagues have demonstrated that 14 C-FIAU and FHBG may be compara- 
ble in imaging sensitivity in cell culture and in living mice when adenoviral de- 
livery approaches are used to image HSVl-tk reporter gene expression in the 
liver. 169 Further work will be needed to better clarify advantages of FHBG ver- 
sus FIAU. Several novel studies have been performed with HSVl-tk and 
FIAU 170-176 and demonstrate the ability to utilize FIAU for various reporter gene 
imaging paradigms. 

It is likely that no one tracer will meet the needs for all applications and that 
research into improved substrates will continue to be an iterative process. In 
fact, the work discussed above was iterative with substrates proceeding from 
FACV to FGCV to FPCV to FHPG to finally FHBG. It is important to notice 
that the labeling of a molecule with Fluorine- 18 (or any other element or chem- 
ical group substitution) can change the characteristics of that molecule (e.g., 
3 H-penciclovir vs. FPCV), and that it is important to repeat all studies in vitro 
and in cell culture comparing the PET tracer and its analog in a head-to-head 
fashion. Although much of the process of assay refinement for the HSV 1 -tk re- 
porter gene assay was and continues to be an iterative process, this section will 
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progress to compartmental modeling for the tracer FHBG, even though devel- 
oping compartmental models for FGCV and FPCV was initially attempted. 



EXAMPLE 2-14 

For the HSV 1 -t k reporter gene assay, is it possible to improve the sen- 
sitivity of the assay without developing better reporter probes with a 
higher affinity for the HSV1-TK enzyme? How can this be done? Im- 
proved sensitivity means the ability to detect lower concentrations of 
HSV 1 - TK enzyme. 

ANSWER 

Yes, this is possible. In this assay, a reporter gene has to be introduced 
into a ceil which will encode for an enzyme that will trap the reporter 
probe. Therefore, one can introduce a gene which encodes for a super 
enzyme that has improved ability to phosphorylate reporter probe(s). 
Such an approach has been published using a mutant HSVl-tk reporter 
gene using random site directed mutagenesis (see below). This ap- 
proach illustrates the power of merging modern day molecular biol- 
ogy with molecular imaging approaches. One is not necessarily limited 
to the development of alternate tracers. 



The structure of the HSV1-TK enzyme itself can be modified to achieve 
greater sensitivity for a specific substrate or reporter probe and alleviate some 
of the limitations with this assay. A mutant HSVl-sr39tk reporter gene has been 
studied which was selected because of its ability to better phosphorylate acy- 
cloguanosines and also a poorer ability to phosphorylate thymidine. 177 The mu- 
tant HSVl-sr39TK reporter protein was specifically developed with the substrates 
acyclovir and ganciclovir in mind but has also worked well with FGCV, penci- 
clovir, FPCV, and more recently FHBG. 177 The mutant was created by random 
site directed mutagenesis followed by subsequent isolation of mutants that have 
the improved ability to use acyclovir and ganciclovir as well as decreased ability 
to use thymidine. 178,179 The HSVl-sr39tk mutant has about a two- to threefold 
better imaging sensitivity than the wild type tk. 177 The fact that this mutant is 
less sensitive to changes in endogenous thymidine may particularly be impor- 
tant for various applications because thymidine levels are not controllable. Fu- 
ture mutant reporter protein specifically optimized for FHBG may produce even 
better results. For purposes of assay development we will therefore focus on HSV1- 
sr39tk and FHBG y since together they produce the best level of signal. 

Shown in Figure 2-26 is a dynamic microPET study of a mouse tail vein in- 
jected with ~200 /zCi of FHBG and the corresponding time-activity curves from 
various organs. Initial microPET studies can help validate the autroadiography 
results while utilizing a PET tracer and provide more detailed kinetic results. 
Clearly, the ability to get kinetic information is critical in building the PET as- 
say and is well facilitated with the microPET. Animal subjects can also be sacri- 
ficed immediately after the PET study and organs counted or autoradiography 
performed with the PET tracer. Measurement of the input function can be per- 
formed by direct left ventricular blood sampling or by drawing regions of in- 
terest over the heart if the heart does not itself accumulate tracer. 180 After ob- 
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FIGURE 2-26. Dynamic microPET Data for FHBG in Mice. The mouse tail vein was 
injected with 1 X 10 9 pfu of Ad-CMV-HSVI -tk and scanned with —200 fiCl of FHBG 
48 h later. Clear trapping of radioactivity is visualized in the liver at later times sec- 
ondary to HSV1 -TK-mediated phosphorylation of FHBG. Routes of eliminating FHBG 
including the renal system (kidneys and bladder) and hepatobiliary system are also 
seen. High blood pool activity is noted in the early time points (1-, 4-, and 10-second 
images) and rapidly decreases over time due to elimination of FHBG from the blood. 
Control mice (not shown) do not show any liver trapping of activity. The time-activity 
curves obtained by drawing regions of interest over the microPET images are also shown 
(600-second time scale — bottom left; first 60 seconds — bottom right). The blood ROI 
(squares) shows an early peak and then rapid decrease for the input function. Rapid 
accumulation of activity (triangles) in the liver is seen. The kidneys time-activity curve 
(diamonds) shows an increase followed by a decrease as the activity subsequently clears 
into the bladder. The bladder (crosses) shows minimal activity for about 50 seconds 
followed by accumulation of activity into the bladder. (Figure courtesy of Dr. Arion 
Chatziioanou.) 



taining multiple time-activity curves from several animal groups, one can pro- 
ceed to the next phase of assay development. It is important that issues of par- 
tial volume correction, spillover, cylinder calibration factor, and so on, are care- 
fully addressed in conjunction with medical physicists at this stage of assay 
development (see Chapter 1). 

The next assay development step is to build a comprehensive model (Figure 
2-27) for the tracer of interest. To perform this step, return to the tracer thought 
experiment (see Tracer Thought Experiment, this chapter). Assume that there 
is expression of HSVl-sr39tk in the hepatocytes of the subject and in no other 
tissues. From the time we as the tracer are injected into the intravenous pool, 
we have several possibilities. We can remain in plasma, enter into the circulat- 
ing blood cells (e.g., white and red blood cells), and/or bind to plasma proteins. 
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FIGURE 2-27. Comprehensive Model for FHBG and HSV1-sr39tk. Compartmental 
model showing trapping of FHBG in the hepatocytes of the liver due to HSVI-tk ex- 
pression. FHBG is phosphorylated by HSVI-TK, and then other cellular enzymes lead 
to further phosphorylation and eventual incorporation into DNA. Also shown are the 
routes of clearance via the renal kidneys and hepatobiliary systems. 



We can move between all of these components while flow is occurring within 
the blood vessel to push us through the circulatory system. We can leave the 
blood vessel by moving into the interstitial space (the space between the blood 
vessels and cells). From the interstitial space, we can enter into specific cells pres- 
ent in tissues. In the case of FHBG, movement between most blood vessels and 
the interstitial space and then back to blood is via diffusion, but transport into 
cells is via one of several transporters. Once inside these cells, we can be phos- 
phorylated by HSVl-sr39TK and by mammalian TKs or leave the cell to go back 
to the interstitial space. When we are in the phosphorylated form, we cannot 
easily leave the cell (because we are now negatively charged). We can potentially 
be dephosphorylated through various intracellular enzymes. In both hepatocytes 
that do and do not express HSVl-sr39tk, we can also be eliminated via the he- 
patobiliary system. We must also think about special restrictions placed on us. 
For example, for FHBG, we cannot cross the blood-brain-barrier. We can also 
be cleared from the blood via the kidneys. 

Taking all of these issues into account, one can develop a comprehensive 
model for FHBG. This comprehensive model assumes several issues that deserve 
specific comment. First, it makes the assumption that the two chiral forms of 
FHBG behave identically in every aspect. It assumes that there is no significant 
reabsorption from the intestine back into blood. It assumes that the 
blood/plasma input function is known exactly so that one does not have to worry 
about modeling FHBG delivery to other tissues. It assumes blood flow does not 
effect movement of FHBG from blood to the extravascular space. 

The next step is to develop a workable model. A three-compartment model 
has been recently preliminarily validated for FHBG kinetics in mice while using 
adenoviral- mediated HSVl-sr39tk gene delivery to the liver. 181 For tissues that 
do not express HSVl-sr39tk, a two-compartment model applies. 181 These tracer 
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FIGURE 2-28. Workable Tracer Kinetic Models for FHBG. The top model is applica- 
ble for tissues in which FHBG can be phosphorylated due to the presence of HSV1- 
sr39TK. The bottom model is applicable for tissues in which FHBG cannot be signifi- 
cantly trapped. Notice that Ki is a rate coefficient (ml/min/g) and k 2 -k 4 are rate constants 
(1/min). 



kinetic models are depicted in Figure 2-28. Several pools have been lumped to- 
gether to obtain a usable three-compartment model. The first compartment rep- 
resents FHBG in plasma/whole blood. A measurable difference is noticed in the 
ratio between plasma and whole-blood FHBG concentration in mice and hu- 
mans 181,182 so that this must be properly accounted for. The second compart- 
ment can be thought to represent extravascular (interstitial and intracellular 
FHBG). Finally, the third compartment can be thought to represent all the var- 
ious intracellular phosphorylated forms of FHBG. The rate constant k 3 is well 
correlated with direct measurements of HSVl-sr39TK enzyme activity obtained 
from liver tissue samples. 181 The two- compartment model is identical to the 
three-compartment model except that there is no compartment representing 
FHBG metabolites because tissues that do not express HSVl-sr39tk do not have 
significant metabolites over the course of the 1 to 3 h of the study. These mod- 
els assume: 1) The racemic mixture of FHBG behaves equivalently with regards 
to all kinetics (e.g., uptake, phosphorylation, clearance); 2) levels of thymidine 
do not significantly effect the rate coefficients/constants of the model; 3) the two 
mammalian thymidine kinases do not significantly phosphorylate FHBG. The 
two- and three-compartment models have undergone preliminary kinetic vali- 
dation, 181,183 but further work will be required to confirm their more general- 
ized applicability. 

Model validation is the next step in assay development. Initial model vali- 
dation relies on fitting the two- and three-compartment models to time- 
activity data. This work shows that for tissues expressing HSVl-sr39tk, the two 
compartment fits poorly with correlated residuals (see Figure 2-13 for use of 
analysis of residuals) and the three-compartment model fits very well with low 
residuals. 181 For tissues that do not express HSVl-sr39tk, the two -compartment 
model is superior. To further validate the FHBG 3 -compartment tracer kinetic 
model, one has to determine if the rate constant k 3 correlates with active HSV 1 - 
sr39TK enzyme activity. This correlation should be high if k 3 is related to active 
HSVl-sr39TK enzyme activity. Furthermore, no other rate constants should cor- 
relate well with levels of active HSVl-sr39TK. To perform this type of valida- 
tion, mice have been injected with different levels of Ad-CMV-HSVl-tk so as to 
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achieve different levels of HSVl-sr39TK expression in hepatocytes. These mice 
are then subjected to dynamic microPET scanning so that time- activity data for 
the liver and blood can be determined. 184 Immediately after scanning, the mice 
are sacrificed and their livers assayed for HSVl-sr39TK activity. 184 Fitting of 
time- activity data to the three-compartment tracer kinetic model shows a high 
correlation of k 3 with relative HSVl-sr39TK activity (r 2 > 0.8). Furthermore, all 
the other model parameters show very poor correlations with HSVl-sr39TK. 
This lends good biochemical validation that k 3 is the key parameter related to 
the trapping of FHBG. Additional biochemical support is obtained by perform- 
ing dynamic microPET studies and comparing model predicted results of rela- 
tive fraction of tracer in each of the three compartments at various time points 
as compared to liver extracts from HPLC to separate nonphosphorylated from 
phosphorylated tracer. 

Finally, one is ready for the application of the tracer kinetic model so that 
the original goals of the assay can be achieved. For example, if one wanted to 
compare FHBG uptake (Ki) versus phosphorylation (k 3 ) in different stable trans- 
fected tumors in vivo , this would now be possible (assuming adenoviral medi- 
ated and stable transfected cells behaved identically). One can in fact have large 
Ki values and low k 3 values and, therefore, be looking at predominantly un- 
phosphorylated FHBG in tissue. The tracer kinetic model helps to separate trans- 
port from phosphorylation so that one can separate that component of the PET 
signal that represents phosphorylated from unphosphorylated FHBG because 
the phosphorylated FHBG provides the record of HSVl-tk expression. 

Throughout the development of the HSVl-tk reporter gene assay, the assay 
developer must work with the entire PET team (see Figure 2-1). Specifically, the 
biologists must provide significant input into the underlying cell biology of gene 
expression, adenoviral construction and use, and animal models. The chemists 
are actively involved in the process of choosing and refining substrates, type and 
positioning of radiolabel (8 -position vs. side- chain), specific activity issues, as 
well as HPLC metabolite analysis. The medical physicists are involved with the 
autoradiography and microPET instrumentation, acquisition, and image recon- 
struction/analysis. Finally, as this assay begins to be applied in humans (e.g., clin- 
ical human gene therapy trials), clinicians with expertise in medicine and nu- 
clear medicine will play a role. Once the assay is validated and standardized, then 
it can be used as a routine assay for the study of biology and disease. 

The tracer FHBG has been studied in normal human volunteers and, fortu- 
nately, its pharmacokinetics and radiation dosimetry profile are quite favor- 
able. 182 It clears readily from the blood via the renal and hepatobiliary systems 
just as seen in the microPET studies with mice. A recent study has also been 
published with FIAU PET imaging after liposomal-mediated delivery of HSVl- 
tk in human gliomas and appears encouraging, with one out of five patients 
showing some specific FIAU trapping. 185 It is likely that human applications will 
play a greater role over the next decade. 

Other PET reporter gene assays 

Several other PET reporter gene assays are under active exploration and are 
reviewed in detail elsewhere. 149,152 These include the dopamine Type 2 receptor 
(D2R) reporter gene with 18F-fluorethylspiperone (FESP) reporter probe, 186 and 
the sodium/iodide symporter 187-191 which can be adapted for PET imaging with 
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Iodine- 124. Reporter gene approaches with SPECT imaging are also under ac- 
tive investigation and are discussed elsewhere. 152,192 

Receptor-based approaches may initially seem as if they would be inferior to 
an enzyme-based approach due to the fact that one ligand molecule binds to one 
receptor without any signal amplification as in the enzyme approach. However, 
because these approaches do not necessarily require intracellular transport of 
ligand, they offer unique advantages. To date, we have found that the D2R/FESP 
system is comparable in sensitivity to the HSVl-sr39tk/FHBG reporter gene, 193 
but more detailed comparisons are needed. For the D2R reporter gene, the au- 
thor and colleagues recently studied a mutant that uncouples signal transduc- 
tion while maintaining ligand affinity, 194 and, therefore, endogenous ligand that 
may bind to the receptor will not significantly perturb the cell in which the re- 
porter gene is expressed. The D2R reporter gene is also endogenously expressed 
and should not be immunogenic. It is clear that many more reporter gene as- 
says will be needed in the future and that no single assay will serve the needs of 
all applications. 

Applications of PET reporter genes 

The applications of PET reporter genes are numerous. They include: 1) 
Marking a specific cell population with a reporter gene ex vivo and then intro- 
ducing the cells back into a living subject. 172,195 The reporter gene can be driven 
by a strong constitutive (e.g., always on) promoter so that high levels of reporter 
gene expression allow these cells to trap high levels of reporter probe. Cells can 
then be repetitively followed for their location(s) by readministering reporter 
probe to the animal. They can also be premarked with reporter probe prior to 
injection allowing potentially greater sensitivity for tracking them up to two to 
three half-lives of the isotope used for the reporter probe. Cells can also be 
marked with two reporter genes (one that is constitutively expressed and one 
that is expressed based on a specific event such as recognition of a target tissue 
or a specific molecular event). These trafficking studies will allow an under- 
standing of immune system dynamics, cancer cell trafficking, as well as a whole 
host of other studies. 2) Imaging the location(s), magnitude, and time-variation 
of therapeutic gene expression. This can be done by linking the therapeutic gene 
to the PET reporter gene through one of several methods (see Figure 2-29). 196-198 
The linked system can then be delivered by one of many approaches (e.g., lipo- 
somal, adenoviral, lentiviral, and so on) that are currently being developed. 199,200 
Methods to enhance transcription using molecular amplification techniques 
have also been studied and will likely prove useful for tissue- specific gene ex- 
pression with relatively weak promoters driving therapeutic and PET reporter 
genes. 171,201-203 3) Indirectly monitoring endogenous gene expression by driv- 
ing expression of the PET reporter gene using the endogenous gene promoter 
(see Figure 2-30). This is a particularly powerful approach because it does 
not require that a tracer exists for the mRNA or protein of a specific gene of 
interest — the same reporter gene is used and one changes the promoter driving 
the reporter gene to be the promoter for the endogenous gene of interest. Then 
the expression of the endogenous gene is followed indirectly by quantitating lev- 
els of the PET reporter protein. This approach has recently been validated for 
the albumin gene using the albumin promoter to drive the HSVl-sr39tk PET 
reporter gene. 153 This indirect approach does have its limitations, however, be- 
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FIGURE 2-29. Approaches to Coupling a Therapeutic Gene with a PET Reporter (im- 
aging) Gene. Several approaches can link the expression of the two genes. Shown is 
the gene and the corresponding mRNA(s). By monitoring the imaging (reporter) gene, 
one can indirectly monitor the therapeutic gene. In the internal ribosomal entry site 
(IRES)-based approach, a single mRNA is transcribed, but two proteins are produced. 



cause it may be the case that levels of the reporter protein (as assessed by an as- 
say using the reporter probe) do not correlate well with levels of the endogenous 
protein. This could occur for many reasons including post-transcriptional reg- 
ulation of the endogenous gene and inability to mimic upstream and down- 
stream regulatory elements. 

Multimodality optical and PET reporter genes offer some unique possibili- 
ties that deserve special discussion. Although PET reporter genes offer a power- 
ful approach for applications from animals to humans, they are less useful when 
considering work which spans from cell culture to small animal models. It is not 
easy to determine if intact cells are expressing a PET reporter gene. One has to 
either perform cell uptake assays with radioactive reporter probes or assay cell 
extracts using radiolabeled probes for the presence of reporter proteins. 

For fluorescent optical reporters [e.g., green fluorescent protein (GFP)], it 
is much easier to determine cell expression by simply looking at the cells under 
a fluorescent microscope and/or by performing flow cytometry. The biolumi- 
nescence optical approaches (e.g., bioluminescence with firefly or renilla lu- 
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FIGURE 2-30. Monitoring Endogenous Gene Expression Using a PET Reporter Gene. 
The goal is to use a reporter gene to image expression of an endogenous gene. An im- 
aging reporter gene fused to the promoter of the endogenous gene of interest can be 
utilized. If the endogenous gene is not expressed, then the reporter gene is also not 
expressed because of the common promoter, and no reporter probe is trapped (top 
left). If the endogenous gene is expressed, then the reporter gene is also expressed and 
leads to the accumulation of reporter probe (bottom right). 
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ciferase) provide rapid throughput in small animal models without the use of 
radioactivity but at the expense of tomographic detail and variable response with 
tissue location. 204 It would be ideal to have a unique reporter gene approach that 
spans the bridge from cell to human applications. One approach is by using fu- 
sion reporter genes (e.g., renilla luciferase fused to HSVl-sr39tk) and by utiliz- 
ing one reporter probe (e.g., colenterazine) to detect the optical protein and a 
second reporter probe to detect the PET reporter protein (e.g., FHBG). 146,205 Re- 
search of various approaches to making it easier to go from cells to humans is 
ongoing. 

Antisense imaging assays 

To image transcription directly, tracers need to be developed to interact with 
pre-mRNA or mRNA. Assays for imaging mRNA levels are currently being in- 
vestigated through the use of small (12-35 nucleobases long) modified radiola- 
beled antisense oligodeoxynucleotide (RASON) probes targeted toward a spe- 
cific mRNA (Figure 2-31). This RASON antisense probe is complementary to a 
small segment of target mRNA. RASON probes have the potential for imaging 
gene expression specifically at the transcription level. The RASON must be: sta- 



FIGURE 2-31. Radioactive Antisense Oligodeoxynucleotide (RASON) Use for Cellular 
Interrogation of mRNA Levels. The RASON must be able to get into the cell and able 
to have the rate of binding to target mRNA compete with the rate of efflux and non- 
specific binding to various cellular proteins and RNA. These competitive kinetics must 
be such that, at a reasonable imaging time, the concentration of RASON bound to tar- 
get mRNA exceeds the general RASON concentration in tissue. In those cells that do 
not express target mRNA, the RASON must rapidly efflux and then be cleared from the 
blood. 
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ble against degradation from nucleases, able to enter and efflux from cells, and 
of sufficient specific activity to detect relatively low levels of mRNA. The anti- 
sense method is a general approach because the RASON probe sequence could 
easily be modified to target many mRNAs of interest (while keeping the radio- 
labeling chemistry unchanged). RASONs have the distinct advantage of easy 
modification (by changing the sequence of bases using DNA synthesizer tech- 
nology) to target a new mRNA. 

The pharmaceutical industry has been investigating both DNA and mRNA as 
targets for antisense drugs for over a decade. 206-208 DNA is an ideal target for a drug 
because, by binding an antisense drug to a specific gene (via Hoogsteen base pair- 
ing in the major groove), one could theoretically prevent the production of mRNA 
and, therefore, stop protein production. For diseases in which stopping the pro- 
duction of an aberrant protein is beneficial, this approach holds significant prom- 
ise. Companies that focus specifically on the development and testing of antisense 
drugs targeted towards various mRNAs are now testing third- generation antisense 
drugs. However to date, clinical trials using antisense drugs have met with limited 
success (reviewed by Wagner and Flanagan 209 ). Progress towards developing more 
stable antisense oligodeoxynucleotides with improved uptake, issues of cellular ef- 
flux, characterization of biodistribution regarding intracellular access and nonspe- 
cific binding, and the understanding of appropriate controls are important for de- 
veloping RASON probes. Much of what may be possible with imaging applications 
utilizing RASON probes depends on the significant progress on antisense pharma- 
ceuticals made by the pharmaceutical industry over the last decade. 

Of the two choices, DNA and mRNA, only mRNA is a good target for devel- 
oping an assay for imaging endogenous gene expression. Every cell has the DNA 
(gene) of interest, but only cells in which the gene has been transcribed have the 
mRNA of interest. Messenger RNA concentrations are typically in the range of 1 
to 1000 pM. 210 Messenger RNA molecules are ideal targets due to their ability to 
very specifically pair with antisense oligonucleotides through hydrogen bonds. The 
binding affinity of antisense drugs for mRNA is very high, but a single mismatch 
(using a base that does not pair with the target mRNA base) can drop the affinity 
by as much as 300-fold. 207 It has been mathematically shown that a minimum of 
only 11 to 15 bases need to be targeted to hybridize uniquely to any of the mRNA 
in the human genome. 211 That is, a relatively small oligodeoxynucleotide or RA- 
SON is needed to code for any mRNAs in the human genome. This calculation is 
based on assuming that 0.5% of the human genome is expressed as mRNA. The 
two numbers correspond to the extreme cases where the oligonucleotide contains 
only C and G (n = 11) or only A and T (n = 15). Therefore, an antisense probe 
of relatively short length can be used to target a specific mRNA (Figure 2-32). In 
addition, changes in the base sequence in these small antisense probes provide the 
means to switch to any one of the other mRNAs. 

Messenger RNA molecules are typically several hundred to thousands of base 
pairs long, but not all of these bases are accessible to an antisense probe due to 
the secondary and tertiary structure of the mRNA molecule. Intracellular mRNA 
is invariably protein bound, and only a few sites are probably available for base 
pairing. The location of the best targets within an mRNA for the antisense mRNA 
which to bind has been examined in detail. 212 The main findings are that, in 
general, the best mRNA locations are the 5' cap or initiation codon (AUG) regions. 
There are, however, exceptions to this rule, and the tertiary (folding) structure 
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FIGURE 2-32. Hybridization of Antisense Oligodeoxynucleotide to Its Target mRNA. 

A small 1 1 - to 20-base antisense probe is sufficient to uniquely target any mRNA which 
can be thousands of bases long. 



of the mRNA must be considered to predict potential binding sites. It is im- 
portant not to generalize mRNA regions that are useful for targeting; instead, 
for each mRNA, careful studies must be performed to identify good target sites. 

Because mRNA-antisense probe interaction is stoichiometric (e.g., for each 
mRNA there is at most one bound RASON) and, therefore, equivalent to a 
receptor-ligand interaction, one can attempt to answer questions about the min- 
imal levels of mRNA that can be detected by a given antisense probe. Variables 
such as the concentration of target mRNA, binding affinities of antisense probe 
and mRNA, antisense probe specific activity, free intracellular antisense tracer 
concentration, sensitivity of detection (typically only 0.5% to 2% of annihila- 
tion events are detected by PET), and target (specific binding) to background 
(nonspecific binding) levels all play key roles. Based on these parameters, it has 
been estimated that mRNA concentrations as low as 1 pM in tissue in estab- 
lishing the feasibility of the assay can probably be imaged with PET, using RA- 
SON probes with the common specific activities of ~ 1,000 to 10,000 Ci/mmole 
used in PET radiolabeling. 213 



EXAMPLE 2-15 

An assay is desired to measure the levels of messenger RNA (mRNA) 
in cells using a tracer that can specifically hybridize to a small region 
of the mRNA through complementary hydrogen bond formation (an 
antisense tracer). Given the following assumptions and variables, what 
are the counts in the target versus background? 



ASSUMPTIONS 



SA — Specific Activity (Ci/mmole) of antisense tracer 
= 1,000 Ci/mmole 

n = cell concentration (cell number/ml) 

= 2 X 10 8 cells/ml 



m = mRNA copies per cell = 1,000 copies mRNA/eeU 
1 Ci — 3.7 X 10 10 disintegrations/s 
H = percent of mRNA bound by antisense = 10% 

C - contrast or target to background ratio = 3 
= (Target + Background) Background 
S = sensitivity of PET instrument = 0.5% 

Target volume = 0.5 cm X 0.5 cm X 0.5 cm = 0.125 cm 3 
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Antisense tracer is labeled with Fluorine- 18 with a half-life of 1 10 min- 
utes and scanning has a 15- minute acquisition time at 1-h after injec- 
tion of antisense tracer. 

ANSWER 

First, we calculate the density (moles per grams of tissue) of mRNA: 

2 X 10 8 cells/ ml X 1 ml/g tissue X 1,000 copies niRNA/cet! 

X 1 mole mRNA/6,02 X 10 23 copies mRNA 
— 332 X 10~ 13 moles mRNA/g tissue — 0332 pi co moles mRNA/g tissue 

Next, we calculate how much mRNA is bound by antisense tracer us- 
ing H = 10%: 

— 0332 X 10 12 moles mRNA/g tissue X (0. 10) X (1 g/cm 3 ) 

X (0.5 cm X 0.5 cm X 0.5 cm) 

— 4.15 X 10 -15 moles 

— 0.00415 pmol of bound mRNA in a 0.125-em 3 target volume 

Now, if the injected antisense probe has a specific activity = S = 1,000 
Ci/mmole, then: 

1,000 Ci/mmole X 0,00415 X 10 12 moles X (1,000 mmole/mole) 

— 0.415 X IQ -8 Ci of mRNA bound activity 

For a contrast ratio of 5:1, we obtain: 

(0.415 X 1G~ S Ci + Y Ci)/Y Ci = 3, 

so that nonspecific background activity = Y = 0.2075 X 1Q~ 8 Ci 

So total activity in target is: 

(0.415 + 0.2075) X 10’ 8 Ci = 0.6225 X 10~ 8 Ci 

So for a 15-minute scan time, the total nondecay corrected counts one 
would observe are: 

larget counts = 0.6225 X 10 -8 Ci X 3.7 X 10 10 decays/ seco n d/Ci 

X 60 sec/min X 15 min — 20.73 X K) 4 decays 

For a scanner with a sensitivity = 0.5%, and taking into account that 
the scanning is l h after injection: 

- 20.73 X 10 4 decays X 0.5% X exp < Hllf2) x min/no min) 

- 1037 X 10 2 X 0.685 

- 710 decays 

The background counts would be = 236 (based on Target/ Background - 
C = 3) 

It is likely that 710 versus 236 counts could be statistically distin- 
guished under most conditions. The only way to improve the number 
of target counts ( without significantly longer acquisition times) would 
be to increase the specific activity to 10,000 Ci/mmole or have a scan- 
ner which could operate with 10 times greater sensitivity, S = 5%. It 
would be difficult to get below 100 copies of mRNA/cell unless both 
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specific activity and sensitivity could be increased to 10,000 Ci/mmole 
and 5%, respectively. Furthermore, the above calculations assume that 
one can inject enough mass of tracer at a given specific activity with a 
reasonable radiation dosimetry profile and still have 10% of mRNA 
bound, and enough time to allow tracer to clear to achieve the Tar- 
get "s" Background = C. 



Oligonucleotides are readily hydrolyzed (cleaved) by nucleases in vivo. 214 A 
nonhydrolyzable analogue of an oligonucleotide is, therefore, required so that 
sufficient amounts can reach the target in effective concentrations. Oligo- 
deoxynucleotides are more stable in vivo when compared with oligoribonu- 
cleotides, 214 and are, therefore, the probes of choice. Various investigators have 
used modified oligodeoxynucleotides (e.g., phosporothioates) for greater stabil- 
ity against degradation. 206,2 15,2 16 Additional modifications that confer stability 
are alpha oligodeoxynucleotides, as well as 2' modified moieties. 208 ; 3' end mod- 
ifications may be particularly useful because they can prevent exonuclease-based 
degradation. Polypeptide nucleic acids (PNAs), 217 in which nucleobases are at- 
tached to a pseudopeptide, have also been explored as potential drugs to block 
translation of mRNA, but they may suffer from little to no cellular uptake. PNAs 
do, however, have improved stability against nucleases and may even have en- 
hanced sequence selectivity for target mRNA. 

Uptake of oligonucleotides by cells appears to occur via several mechanisms. 
The surprising and essential feature is that relatively short oligonucleotides (e.g., 
fewer than 40 bases) are readily taken up by many different cells. This uptake is 
critical to insure that a RASON probe can be delivered to the intracellular tar- 
get mRNA by injection into the venous plasma space. Most oligonucleotides (ex- 
cept methylphosphonates) are polyanionic and do not passively diffuse across 
cell membranes. Transport mechanisms include receptor mediated endocytosis, 
adsorptive endocytosis, as well as fluid-phase pinocytosis. 2 18-221 There is a fast 
(minutes) as well as a slow component (hours) of uptake. A ~ 80-kD protein 
associated with the cell membrane has also been isolated from several cell types 
that seem to be responsible for oligodeoxynucleotide binding and possible in- 
ternalization. 218,219 The exact transport mechanism seems to be different for var- 
ious cell types. There have been some preliminary attempts to model oligonu- 
cleotide cell transport, 220 but no mathematical model is currently available. It is 
likely that nondiffusible oligodexoynucleotides end up in cellular endosomes, 
but it is not clear how they leave the endosomes or what the efflux rate is from 
endosomes to reach mRNA in the cytoplasm. Several groups have shown that 
exogenously administered oligonucleotides appear to localize readily in the nu- 
cleus, mitochondria, or both within hours. 220 

The oligonucleotide, once inside the cell, must be able to bind to the target 
mRNA, and excess unhybridized oligonucleotide must also be able to leave cells 
during the time in which the oligonucleotide and target mRNA complex is sta- 
ble. Charged oligonucleotides can nonspecifically interact with intracellular pro- 
teins. This leads to nonspecific binding, and the potential inhibition of oligonu- 
cleotide internalization for transport into cells. 219 To obtain sufficient specificity 
of the image signal, the rates of exocytosis and mRNA binding must exceed the 
rate of nonspecific binding. Exocytosis follows a multicompartmental model, 




200 



PET: Molecular Imaging and Its Biological Applications 



with a rapid phase (half-life of 10 minutes) as well as a slower phase (half-life 
of 30 minutes) in some cases, but varies depending on the cell type and the type 
of oligodeoxynucleotide. Both truncated fragments as well as chain extension 
products efflux from cells. Some studies have reported desired pharmacologic 
effects of a decrease in protein production with nonantisense oligodeoxynu- 
cleotides; this may be due to interaction of the oligodeoxynucleotide drug with 
proteins. It is important that a true antisense mechanism is demonstrated by us- 
ing controls with sequentially increasing numbers of nucleobase mismatches be- 
fore proceeding with in vivo studies. As the number of mismatches in bases in- 
creases, the binding to target mRNA should decrease. Without these appropriate 
controls, it is possible that nonspecific binding of oligodeoxynucleotide to pro- 
tein(s) leads to a desired therapeutic effect (e.g., reduction in protein production). 

Numerous investigators have explored the use of antisense oligonucleotides, 
both in vitro and in vivo , as therapeutic agents for decreasing protein produc- 
tion. 222 These include targeting the 35S RNA of the Rous sarcoma virus, 223 var- 
ious mRNAs for use against HIV, 224 as well as many oncogene mRNAs includ- 
ing c-myc. Most of this work has shown that antisense oligonucleotides can work 
effectively in suppressing mRNA translation. After binding of oligodeoxynu- 
cleotide to target mRNA, the mRNA can be digested by ribonuclease H. Direct 
translation inhibition can also occur. In either case, the net result is a direct de- 
crease in translation of mRNA to the protein product. 

Biodistribution of oligodoexynucleotides in normal animals has been re- 
ported. 225 Phosphorothioate oligonucleotides, for example, bind to serum pro- 
teins (—400 /xM dissociation constant for albumin). The plasma disappearance 
is extremely rapid and is well described by a two-compartment model. A rela- 
tively large volume of distribution is observed for phosphorothioates demon- 
strating a very wide-spread distribution to many tissues in vivo. The kidneys and 
liver have the greatest concentrations, with no significant penetration across the 
blood-brain-barrier. Natural phosphodiester oligonucleotides are very rapidly 
degraded to monomers in vivo and would probably have limited use for target- 
ing gene expression. Animal whole-body autoradiography has also been used to 
assess the biodistribution of various radiolabeled oligodeoxynucleotides (see, for 
example, Phillips et al 226 ). 

Although much can be learned from the development and use of antisense 
oligodeoxynucleotides as drugs, several distinctions must be kept in mind for 
using them as imaging probes. First, any isotope labeling modification to the 
oligodeoxynucleotide must not significantly decrease its stability or its cellular 
influx, efflux, specific interaction, or hybridization affinity. Second, the relative 
rate of hybridization to target mRNA must exceed the net effect of the nonspe- 
cific interactions and efflux rates. Also , the efflux and clearance rates must dom- 
inate if no target mRNA is expressed , so as to lead to minimal background signal 
The isotope half-life, biological half-life, and specific activity of the RASON are 
also important parameters to consider when attempting to target a specific 
mRNA in vivo. Potential toxicity also has to be studied. 

To our knowledge, the first RASON probe to be developed specifically for 
nuclear imaging was an Indium-labeled oligodeoxynucleotide targeted against 
the amplified c-myc oncogene. 227 A 15-mer oligonucleotide sequence was syn- 
thesized, aminolinked (sense and antisense phosphodiester and monothioester) 
and bound with diethylenetriamine pentaacetate (DTPA) containing Indium- 
111. Subsequently, oligodeoxynucleotides labeled with Technetium-99m 228 and 
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Iodine- 125 229 have been reported. More recently fluorine-labeled oligodeoxynu- 
cleotides for use with PET 213,230 have been synthesized. As described earlier, it 
is essential that high specific-activity probes should be developed for targeting 
the lowest possible levels of mRNA. Fluorine- 18 labeling may achieve high- 
specific activities of 1,000 to 10,000 Ci/mmole but has the disadvantage of a rel- 
atively short isotope half-life of 110 minutes. A recently published report using 
modified PNAs labeled with Iodine- 125 show some promise towards targeting 
an endogenous mRNA in the brain 231 and will need further validation. Detailed 
reviews on antisense imaging approaches can be found elsewhere. 232-234 

A potentially interesting approach would be to take advantage of the amplifi- 
cation inherent in an enzyme-based reporter gene with the specificity provided by 
an antisense sequence to image endogenous mRNA levels. The author and col- 
leagues are currently exploring two such approaches in which amplification may 
be possible. In the first approach, they are using a decoy reporter mRNA that would 
trans-splice into the target mRNA based on antisense specificity, which would then 
lead to a message that encodes simultaneously for the target and reporter pro- 
teins. 235-237 In an alternate approach, they are developing split reporter proteins 
that are inactive until they are brought into close proximity. They have already val- 
idated this approach for imaging protein-protein interactions in living subjects 238 
and are attempting to link these split reporters to antisense oligodeoxynucleotides 
so that they may be brought into close proximity only in the presence of the ap- 
propriate mRNA. In both the trans-splicing and split reporter approach, delivery 
of the sequence will still be an issue, but background signal should not be, because 
the systems are designed to be relatively silent till they interact with target mRNA. 



TRANSLATION OF ASSAYS FROM MOUSE TO HUMANS 

PET imaging offers the unique ability to rapidly translate preclinical imaging as- 
says directly into the clinical imaging environment. 239 The development of the 
microPET facilitates rapid testing of new tracer assays in small rodent models 
and larger animal PET systems allow validation in other larger animals. Tracers 
that have been validated in animal models can directly be translated into test- 
ing in clinical applications after a few key steps. First, it must be demonstrated 
that there are no acute or chronic toxic effects in the animal model. For filing 
of an investigational new drug, this typically requires that after giving 100 times 
the normal tracer dose, no changes in physiological parameters (e.g., body tem- 
perature, EKG) or blood chemistries (e.g., cell blood count, serum electrolytes) 
can be demonstrated. Cold substrate is usually administered to accomplish this 
testing. It is unlikely that such testing will show any pharmacological effects due 
to the relatively low dose administered, but it is important to document for safety 
issues and regulatory agencies. Next, radiation dosimetry predictions can be 
made based on time- activity data in animals. Residence times of tracers in var- 
ious organs can be used to extrapolate data to radiation dosimetry to various 
organs in humans using the MIRD software package. 240,241 Finally, sterility is- 
sues must be documented for the tracer prior to its injection into clinical sub- 
jects. Initial human testing should document the safety of the tracer by record- 
ing acute and chronic toxicity issues and radiation dosimetry estimates. 

Typically, the problems that are encountered when one transitions the tracer 
from animals to humans are related to different behaviors of the tracer in hu- 
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mans compared with animal studies. The stability to the radiolabel can be quite 
different leading to increased complexity in tracer kinetic models or changes in 
image signal to background. Defluorination of Fluorine- 18 typically leads to a 
whole body image that in part reflects the skeletal structure due to the affinity 
of Fluorine ion for bone. Different metabolic rates in humans relative to ani- 
mals can also lead to different kinetic rates of tracer transport, delivery, metab- 
olism, clearance, and so on. The biodistribution pattern in humans needs to be 
carefully studied. Tracers that fail in animal experiments can still be effective in 
humans and vice versa. The relative importance of different routes of clearance 
can change in humans relative to animals. Tracer kinetic models must be reval- 
idated in humans as there is no guarantee that the models developed for ani- 
mals will be completely effective. Kinetic validation is relatively easier and bio- 
chemical validation is much tougher due to the inability to obtain tissue samples 
from various sites in humans. However, since the relationship between bio- 
chemical and tracer kinetic results have been established in animals, this pro- 
vides a reasonable foundation to use only tracer kinetic validation in humans. 



FIGURE 2-33. Iterative Assay Development through Use of microPET and Clinical PET. 
Conventional assay development in mice and humans usually has been subdivided 
into four phases. This approach starts out with a few animals (Phase I) and progresses 
to more animals (Phase II) and then to a pilot study in humans (Phase III), followed by 
testing in many more human subjects (Phase IV). This conventional progression from 
Phase I to Phase IV can be slow and costly. A new iterative model may be more ef- 
fective. In this new model, investigations progress from Phase I to Phase III (A), then 
back to Phase II (B), and then finally to Phase IV (C). By quickly transitioning to hu- 
mans, one can detect problems with the assay much earlier, making the process pos- 
sibly more cost- and time-efficient. MicroPET and Clinical PET become a team to help 
in the assay development effort. 

A Clinical Trials Demonstration Project 
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Just as assay development is an iterative process, even if one has no plans to 
go beyond studying animals (Figure 2-3), it also is iterative when one needs to 
perform imaging in both animals and humans (Figure 2-33). Ideally, one should 
develop an assay and rapidly migrate it to human studies and then come back 
and refine it in more animals prior to going to more humans. This is because 
often tracer assays that work relatively well in animals may not do so in humans 
or will have somewhat different characteristics in humans. A tracer that is not 
working well in an animal can actually work well in humans. The use of mi- 
croPET and clinical PET can facilitate the early transition of an assay from mouse 
to humans. Because PET uses trace quantities, the probes are generally safe so 
these studies can be performed with little risk to humans. 

The same principles that guide iterative development of a tracer assay from 
mouse to humans are also potentially the same for drug development. Pharma- 
ceutical development shares many features with tracer development, and they 
can be thought of as two sides of the same coin (Table 2-1). Although tracers 
are administered at nonpharmacological doses and requirements for efflux of 
tracer out of nontarget sites and the blood are more stringent than that for phar- 
maceuticals, in most other ways the two tasks are almost identical. Pharmaceu- 
ticals that can be radiolabeled with positron emitters early on in the develop- 
ment process can have their biodistribution studied in small animal models and 
then quickly assessed in humans at tracer levels with low or no risk. It must be 
noted that the biodistribution of a drug administered at trace levels may not be 
the same if the drug is administered at mass levels (e.g., due to protein binding 
of drug in blood), so that care must be taken in interpreting the results of drug 
imaging studies in humans. Further examples of the use of imaging in drug de- 
velopment can be found elsewhere. 242 This approach has yet to be fully realized 
by the pharmaceutical and imaging industries but is being established and is 
likely to play an important role in accelerating drug development in the near fu- 
ture, maybe even producing a paradigm shift in the drug discovery process. 
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APPENDIX 

1. Derivation of Competitive Reaction Kinetics 

Suppose A and B are two chemical substances that compete for enzyme E. 

Claim: IfB is present in trace amounts , then the rate of reaction ofB with enzyme 
E is approximately linear regardless of the concentration of A. 

Proof: The rate, r (mol/min), of reaction of B with enzyme E is derived from the 
principles of competitive chemical or enzyme kinetics to yield (see reference 243 
for details): 



where: 

V B = 

v max 

K^ = 

Km = 

V B = 

V A = 

B = 

A = 

If the enzymatic reaction being performed is in a test tube, then V A = V B ; there- 
fore, concentrations of A and B can be used directly. Because the processes de- 
scribed in the text take place in a cell, it is potentially possible that A and B have 
different volumes of distribution, which is why they are included here. 

By assumption that B is in trace amounts, B/V b «Km. 

Therefore, «1 

Km 



VSax * B 



K&- V B 



m± +l + ^ 

is M vA 

Nm Nm 



(Al-1) 



maximal velocity of reaction B with enzyme E (mol/min) 

Michaelis-Menten constant for B with E (mol/L) 

Michaelis-Menten constant for A with E (mol/L) 

volume of distribution of B (L) 

volume of distribution of A (L) 

mass of B (mol) 

mass of A (mol) 
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which implies + 1 + 

Km 



Km 



Therefore, r~hB where h = 



1 + which is independent of B. 

Km 

V" 



B 



Km * Vb\ 



1 + 



AIV a 

Km 



— Therefore, r is linear in B. 



Here h is analogous to the linear parameters k described in the models above. 



QED 

Corollary 1: If B is present in trace amounts, then the rate of reaction of B with 
enzyme E is approximately linear even when A is present at saturating condi- 
tions. 

Corollary 2: If B is present in trace amounts, then the rate of reaction of B with 
enzyme E is approximately linear when A is absent, i.e., when there is no com- 
petitor. 



2 . 



Derivation that the lumped constant (LC) in equation 2-19 for the FDG 

model shown in Figure 2-16 is given by, LC = -^7, 



where, 0' = 1 



*4 Cm 
k 3 C E 




V*K m A _ K\m + k%) 

V m Kl ’ Ki/(fe + *3©') * 



Proof: Because the system is assumed to be in steady state, MRglc is equal to the 
net phosphorylation rate of glucose. Therefore, we have (see Figure 2-16): 



MRglc + *4 Cm — k 3 C E 



MRglc — k 3 C E *4 Cm — (1 



*4 Cm 
k 3 C E 



)k 3 C E 



and if we make the substitution: 



(A2-1) 



©' = l - (A2-2) 

k 3 C E 

we obtain by substituting Equation A2-2 into Equation A2-1: 

MRglc =®'k 3 C E (A2-3) 

Here 0' is the fraction of glucose that is metabolized after it is phosphorylated. 
At steady state, one can also obtain (by setting the time derivative of C E = 0) 



— (&2 + k 3 )C E + *4 Cm + KiCp = 0 (A2-4) 



Therefore, by substituting for fc 4 Cm from Equation A2-2 into Equation A2-4 we 
obtain: 






KiC 0 

(*2 + *3@') 



(A2-5) 
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and by using the result for C E in Equation A2-4 and substituting into Equation 
A2-3 we obtain: 



MRglc = 



Kih®' Cp 
(k 2 + jfc 3 0') 



(A2-6) 



Now by multiplying both the numerator and the denominator by 
obtain: 



KVA 

A+A 



we 



MRglc = 



KVA 
A + A 



KV{ hi + *,0)' • Cj0' 

KV(A+A) 



(A2-7) 



In order to further simplify the above we note that: 



k 



* _ 
3 ~ 



h = 



Vm/K^ 

1 + C E /K m + C £ */K* 
VJK m 

1 + C E /K m + C E /Km 



(A2-8) 



where V my V ^ are maximal velocities and K m , K ^ are apparent Michaelis-Menten 
constants for glucose and FDG, respectively. The above equations are workable 
since FDG and glucose are competitive substrates for the enzyme hexokinase, 
and, therefore, their rates follow Michaelis-Menten kinetics. Then, let: 



So that we obtain: 



Then we may write: 



where 



= *1 = VtXm 

h V m K* m 

= KVik l + kt) 

KVih + * 30 ') 



MRglc = 



KVA 
k* 2 + k t 




MRglc = 



EVA 

k* 2 + k* 3 



0? 

LC 




(A2-9) 

(A2-10) 



(A2-11) 



(A2-12) 



To better understand what Equation A2-12 means, notice that KV(k 2 + k\) 
is a concentration gradient for FDG, multiplication of this by fc 3 Cp converts this 
into the flux of the reaction, and multiplication by the 1/LC converts the meas- 
ured kinetics with FDG into those for glucose. 

The LC is an example of using the principles of competitive reaction kinet- 
ics to convert a reaction measured with a tracer that is an analog (FDG) to that 
of a natural substrate (glucose). 
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In the mid 1970s, when positron emission tomography (PET) was developed as 
a technology for the noninvasive assessment of various biochemical processes in 
living humans, 1-8 PET radiopharmaceuticals were synthesized manually in rel- 
atively low yields and with significant radiation exposure to the personnel. 9 
Moreover, cyclotron technology appropriate to satisfy the particular demands 
of this new imaging procedure was not fully developed. 10 For widespread use of 
this technique in research and clinical care, an important technological devel- 
opment was necessary in the areas of cyclotrons, target bodies, and radiosyn- 
thesis modules for the production of positron-emitting radiopharmaceuticals. 10 

The acceptance of PET as a clinical diagnostic tool is a result of a joint effort 
between academia and industry to revolutionize the whole technology. 11 An ex- 
citing outcome of this joint endeavor is the initiation of the development of ver- 
satile and fully automated radiosynthesis units controlled by a personal computer 
(PC) that is also integrated with a small and low energy, self-shielded (vide infra) 
cyclotron. The union of these two segments led to the dawn of a PET technology 
that is oriented to clinical service and capable of producing multiple doses of a va- 
riety of radiopharmaceuticals and completely operated by a technician. 1 1 Although 
the ultimate success of PET will be determined by the clinical and biological re- 
search values it provides, a necessary part of that success to assure that PET is a 
reliable and cost-effective clinical technology depends upon continued innovation 
in the field. One of the key technological advances required in this regard is the 
miniaturization of the radioisotope production unit and successful engineering of 
small volume targets and automated synthesizers all integrated into a single- sys- 
tem concept. Integration of a self-shielded small cyclotron and automated syn- 
thesizers under a personal computer control is the cornerstone for the concept of 
an accelerator-based electronic radiopharmaceutical generator or, simply, an elec- 
tronic generator for the routine production of radiopharmaceuticals for PET. 11 

Discussed in this chapter are the principles behind the basic components of 
the electronic generators, namely, cyclotron, target systems, and nuclear reac- 
tions, radiolabeled precursors for radiopharmaceutical syntheses and automated 
synthesis modules. Representative examples of commercially available low-en- 
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ergy accelerators, target systems, and automated synthesis units are also discussed 
from the standpoint of the beginning, evolution, current status, and future 
prospects for an electronic generator. 



ACCELERATORS 

An accelerator is a device that produces a well-defined, high-energy beam of 
charged particles with a high-beam intensity. 12 Production of radioisotopes in- 
volves a collision between a positively charged particle and the nucleus of an atom. 
A high-energy beam is required to overcome the repulsive force a positively 
charged particle would experience approaching a target nucleus. 13 A high-inten- 
sity beam simply increases the probability of collision between the charged par- 
ticle and the atomic nucleus. Accelerators are broadly classified into two types — 
linear accelerators, in which the charged particles move in a straight line path, 
and cyclic accelerators, in which the charged particles move in a circular path. 
An example of a linear accelerator is a drift-tube accelerator and an example of 
a cyclic accelerator is a cyclotron. 14 Cyclotrons can accelerate either positively or 
negatively charged particles, and accordingly, they are classified as positive ion 
and negative ion cyclotrons. All these devices can accelerate charged particles to 
several million electron volts of energies. A number of excellent books, 15-22 re- 
view articles, 23,24 and book chapters 25,26 describe various aspects of cyclotrons. 

Principles of positive ion cyclotrons 

The cyclotron is the most widely used particle accelerator for the production of 
PET radioisotopes. 27 It consists of four major components: 1) magnet system, 2) 
radiofrequency resonant structure comprising a pair of semicircular hollow cop- 
per electrodes (called dees), 3) ion source, and 4) beam extraction system. 28 The 
entire structure of the cyclotron is kept under high vacuum (10~ 5 to 10~ 7 torr). 

A schematic representation of a positive ion cyclotron is provided in Figure 
3-1. Positive ions (e.g., protons, deuterons, 3 He 2+ , or 4 He 2+ ) produced by ion- 
ization of a gas (e.g., hydrogen) in an arc ion source are injected at the center 
of the gap between the dee electrodes. A 20 MHz to 30 MHz radiofrequency al- 
ternating potential of 30 kV, generated with an oscillator, is applied to the dee 
structure which is located between the pole faces of an electromagnet with a field 
strength of 15 kG to 20 kG (1. 5-2.0 tesla). A positive ion injected from the ion 
source will accelerate toward the dee that is at a negative potential at that in- 
stant. As the ion travels inside the hollow dee electrode, its velocity remains con- 
stant because it does not experience any electric potential. However, the ion will 
encounter the magnetic field acting at a right angle to the plane of its motion. 
Elementary electromagnetism dictates that the ion under these conditions will 
trace a circular path. 29 The magnetic force operating on the ion is the centripetal 
force and is given by the term Bez' where B is the magnetic field strength, e is 
the charge of the ion, and v its velocity. This centripetal force is exactly balanced 
by the centrifugal effect mv 2 lr where m is the mass of the ion and r is the ra- 
dius of the circular path of the ion. Thus, we have: 



r 
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or 



This simple equation governs the cyclotron principle. 

If the radiofrequency oscillator precisely reverses the polarity of the alternat- 
ing potential of the dee electrodes exactly at the time the ion emerges from a dee 
electrode, the ion will be repelled by that dee and will be attracted by the oppo- 
site dee. Thus, the velocity v of the ion will increase as it crosses the gap between 
the dees. Hence, the radius r of its circular path will also increase so that the re- 
lationship described in Equation 3-1 is maintained. The time t taken by the ion 
to traverse a semicircular path in a dee electrode can be represented by: 



t — —— 
v 

From Equations 3-1 and 3-2, it is evident that: 



7rm 




(3-2) 



(3-3) 
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It is thus apparent that the time required for the ion to traverse a semicircular path 
in a dee is independent of its velocity and the radius. Equation 3-3 more impor- 
tantly signifies that if the frequency of the oscillator is tuned to the mass and charge 
of the ion and the magnetic field strength, the ion will constantly stay in phase 
with the change in polarity between the dee electrodes. That is, the frequency of 
oscillation of the accelerating potential will be equal to the frequency of revolu- 
tion of the ion in the magnetic field. Thus, each time the ion travels the gap be- 
tween the dees, its velocity (and, hence, the radius) increases due to the repulsive 
force from one dee and the attractive force from the opposite dee. This results in 
a steady increase of the energy of the ion with a simultaneous increase in the ra- 
dius of its orbits. As the ion spirals outward and reaches the periphery of the dees, 
with an energy in the million electron volts (MeV) range, it is extracted by means 
of an electrostatic deflector assembly, operating at —30 kV to —60 kV and 0.1 A 
current to 0.5 A current, for the production of radioisotopes. The radius at which 
the ion is removed from acceleration is called the extraction radius. 

Principles of negative ion cyclotrons 

The Equations 3-1 to 3-3 that describe the cyclotron principle are applicable to 
both positive as well as negative ions of any given mass. Thus, it is possible to 
accelerate negative ions (e.g., negatively charged hydrogen ion — H~, a proton 
associated with two electrons in the K shell) in a cyclotron. Negative ion cy- 
clotron technology has been known for a long time, especially in the research 
domain. The first negative ion cyclotron was built at the University of Califor- 
nia, Los Angeles, in 1966. 30-32 However, widespread and routine utilization of 
negative ion cyclotrons for radioisotope production did not occur until the mid 
1980s mainly due to the difficulty in the high-intensity (volume) production of 
H~ and the relatively high vacuum required to prevent the neutralization of H - 
(called stripping loss) during acceleration. 33,34 

A schematic diagram of a negative ion cyclotron is given in Figure 3-2. Neg- 
ative ions (e.g., H _ ), generated in a specially designed ion source (Penning ion 
gauge) optimized for negative ion production, 35 are injected at the center of the 
gap between the dees. The negative ion is accelerated by being attracted by the 
positive charge and repelled from the negative one at the edges of the dees as it 
passes through the gap between the dees as described earlier. The interaction of 
the magnetic field with the negative ion causes it to circulate in a direction op- 
posite to that of the positive ion in a positive ion cyclotron. As the accelerated 
negative ion reaches the periphery of the dees, it is intercepted with a thin car- 
bon foil (5 jitm) which strips the loosely bound electrons from the H“ ion con- 
verting it to H + ion. This polarity change from H - to H + under the influence 
of the magnetic field causes the proton to curve outward and thus is extracted 
from the cyclotron for the production of radioisotopes. 

General characteristics of positive and negative ion cyclotrons 

The preceding descriptions of the positive and negative ion cyclotrons have con- 
sidered only the acceleration and extraction of a single ion for the sake of ex- 
planation. The ion source obviously provides a continuous stream of charged 
(positive or negative) ions that are accelerated in pulses in accordance with the 
radiofrequency of the dee electrodes. The frequency of these pulses are extremely 
high, approximately 10 7 cycles per second. That is, the time interval between two 
successive pulses of accelerated particles extracted from the cyclotron is 10~ 7 
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sec. Thus, the cyclotron appears, for all practical purposes, to be producing a 
continuous stream of ions. This stream of high-energy ions produced by the cy- 
clotron is commonly called the beam. 

Maximum kinetic energy 

The maximum kinetic energy (E) that an ion can attain in a cyclotron is calcu- 
lated using the following known relationship: 

Kinetic energy = 1/2 m v 2 

From Equation 3-1 

_ Ber 
m 



Thus, 



E = 1/2 m 
B 2 r 2 



Ber \ 2 
m ) 
e^_ 
m 



(3-4) 



For a given cyclotron, the radius of extraction r is generally kept constant and 
the strength of the magnetic field B is maintained constant. Hence, the kinetic 
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energy that an ion can gain is directly proportional to the square of its charge 
and inversely proportional to its mass. For protons, the values of e in terms of 
the electronic charge, and the atomic mass, in terms of atomic mass units, are 
unity. Hence, protons will gain the same energy as 4 He 2+ ions having the val- 
ues 2 and 4 for e and m, respectively. 



EXAMPLE 3-1 

Calculate the maximum kinetic energy of protons, deuterons, 3 He 2+ and 
4 He 2+ particles that can he obtained from a cyclotron with an average 
magnetic field strength of L6 tesla and an extraction radius of 42 cm. 



ANSWER 

Using Equation 3-4, the maximum kinetic energy, 




The numerical values for the parameters in the above equation in SI 
units (Le Systeme international d’Unttes) are as follows: 

B ~ 1.6 tesla — 1.6 kg/ A s 2 (A = ampere and s = second) 
r = 42 cm - 0,42 m 
e = 1.602 X 10“ 19 A s 

The mass for proton, deuteron, 3 He 2 ' and 4 He 24, can be obtained from 
Tables 36 



m (for proton) = 1.673 X 10 27 kg 
m (for deuteron) — 2.014 ainu (amu = atomic mass unit) 
= 3.344 X 10“ 27 kg 
(1 amu = 1.6604 X 10“ 27 kg) 
m (for 3 He 3 + ) = 3.016 amu - 5.008 X 10“ 27 kg 
m (for 4 He 2+ ) = 4.002 amu = 6.646 X 10“ 27 kg 

A) Maximum energy for protons, 

n _ (L6) 2 (0.42) 2 w (1.602 X 10“ 19 ) 2 
p 2 1.673 X 10" 27 



= 3.464 X 10" 12 kg m 2 /s 2 

= 3.464 X 10 12 ) (] — joule and 1J = 1 kg m 2 /s 2 ) 
Since 1.602 X 10" 19 | = 1 eV (10“ 6 MeV) 



E„ 



10"* X 3.464 X 10 1 
1.602 X 10 19 



21.62 MeV 



B) Maximum energy for deuteron, 

_ (1.6) 2 (0.42) 2 (1.602 X 10~ 19 ) 2 

2 3.344 X 10" 27 

= 1.733 X 10“ 12 J 
= 10.82 MeV 
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C) Maximum energy for 3 He 2 +, 

E = { L6) 2 (Q.42) 2 (2 X L602 X IQ” 19 ) 2 

3hc 2 5JQ8 X 10” 27 

= 4.628 X 10“ 12 J 
= 28.89 MeV 



D) Maximum energy for 4 He 2+ , 

= (1.6) 2 (0,42) 2 (2 X 1.602 X KT 19 ) 2 

4l ^ 2 6.646 X 10" 27 

= 3.488 X 10” 12 I 
= 2177 MeV 



Oscillator frequency 

Equation 3-1 can be rearranged and written as: 

v_ _ jte 
r m 

The term vlx is the angular velocity co y for the circular orbits of the ion in a cy- 
clotron. The radiofrequency f of the oscillator required to maintaining the ion 
in phase with the changes of the electric potential between the dees is given by: 



f = 



co 

2tt 



Since 



v 

co = — 
r 




2ttx 



Substituting the value of v from Equation 3-1 we get: 



f = 



Be 

2 77m 



(3-5) 



(3-6) 



EXAMPLE 3-2 

Calculate the radiofrequency of the oscillator required for the acceleration 
of protons and deuterons in the cyclotron described in Example 3-1. 



ANSWER 

Be 

The frequency of the oscillator, f = — (Equation 3-6) 

2 7rm 

B = 1.6 tesla = 1.6 kg/ A s 2 
e = 1.602 X 10~ )9 A s 
m (for proton) = 1.673 X 10“ 27 kg 
m (for deuteron) = 3.344 X 10 27 kg 






224 



PET: Molecular Imaging and Its Biological Applications 



A) Frequency of the oscillator for proton, 

f = 1,6 X 1,602 X 1Q~ 19 

p 2 X 3.143 X L673 X 10“ 27 

= 24,37 X 10 6 cydes/s 
= 24,37 MHz (since 1 cycle/s = 1 Hz) 

B) Frequency of the oscillator for deuterons, 

f _ 1.6 X L6Q2 X IQ" 19 

d 2 X 3,143 X 3.344 X lt}“ 27 

= 12.19 MHz 



EXAMPLE 3-3 

Calculate the magnetic field required to accelerate protons in a cy- 
clotron having a 27 MHz oscillator. 



ANSWER 

Rearranging Equation 3-6 we can write: 

the magnetic field, B = ^ 1701 

e 

f = 27 MHz = 27 X 10 A cycle/s 
m = 1,673 X 10 -27 kg 
e = 1,602 X 10“ s 



Hence, 

B = 27 X 10 6 X 2 X 3J43 X 1,673 X IQ" 27 
1,602 X SO -19 

Since 1 tesla = 1 kg/ A s 2 

B = 1 .77 tesla 



1.77 kg/A s 2 



In a cyclotron capable of accelerating multiple particles (e.g., protons, 
deuterons, 3 He 2+ , and 4 He 2+ ), it is rather convenient to maintain the magnetic 
field strength B constant and to adjust the radiofrequency oscillator in accor- 
dance with Equation 3-5. 

The beam extracted from a cyclotron is not monoenergetic and has an en- 
ergy spread of about 1% of the nominal value. However, for isotope produc- 
tion, it is generally not necessary that the cyclotron beam be monoenergetic. 

Dee voltage 

It is interesting to notice that the maximum energy gained by an ion in a cy- 
clotron as given by Equation 3-4 is independent of the alternating voltage ap- 
plied to the dees. This can be explained by the number of turns the ion goes 
through in the dees to reach the extraction radius. When the dee voltage is small, 
the ion makes a larger number of turns than when the voltage is large. How- 
ever, in modern cyclotrons, a large dee voltage (30-100 kV) is generally used. In 
any event, the final energy attained by the ions is the sum of the individual en- 
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ergies gained at each crossing of the gap between the dees. At a dee voltage of 
35 kV, the energy gained by a proton in each revolution, in a cyclotron with a 
magnetic field of 1.8 tesla, is approximately 0.1 MeV. Thus, to reach a maxi- 
mum energy of 11 MeV, the proton will have to go through 11 MeV/0.1 MeV 
or 110 revolutions. 



Axial focusing and azimuthally varying field (AVF) cyclotron 

In a cyclotron, the charged particles generally orbit in a plane between the poles 
of the magnet (see Figure 3-1). This plane is called the median plane. Acceler- 
ating charged particles that deviate from the median plane experience a re- 
straining force from the magnetic field in a direction perpendicular to their mo- 
tion. This force, known as axial focusing, restores the ions, when necessary, to 
the median plane. 15-19 For this force to prevail, the magnetic field must decrease 
at the larger radius. A decrease of the magnetic field with increasing radius has 
a component of magnetic force that directs any orbiting ions above or below the 
median plane back toward the median plane. Axial focusing of orbiting charged 
particles is mandatory for proper functioning of the cyclotron. 16 

An important characteristic of the acceleration of ions in a cyclotron is the 
manifestation of the relativistic mass increase of the charged particles as they at- 
tain higher velocities as defined by Einstein's general relativity equation: 



m = m G 




(3-7) 



where m is the mass of the particle in motion, m 0 is the mass at rest, v is the ve- 
locity of the particle and c is the velocity of light. 29 For example, a 10-MeV pro- 
ton has a mass increase of about 1% of its rest mass because it is traveling at 
15% of the velocity of light. To maintain the phase relationship stipulated by 
Equation 3-2, any mass increase of ions due to acceleration would require an 
appropriate increase in the magnetic field strength, B. Thus, the relativistic mass 
increase and the axial focusing impose mutually contradicting requirements on 
the magnetic field B. 

A practical compromise for this problem is reached by sinusoidal contouring 
of the pole faces of the magnet with four spiral sector-shaped pieces of iron (Fig- 
ures 3-1 and 3-2) so that the space between the poles becomes alternately larger 
and smaller. This results in alternating strong and weak magnetic fields known 
as hill and valley regions (Figures 3-1 and 3-2), respectively. An orbiting ion in 
such a magnetic field experiences alternating strong and weak magnetic fields in 
the azimuthal direction (around the circular path); this phenomenon is termed 
azimuthally varying field (AVF). 16 A particle moving in an azimuthally varying 
field follows a rather distorted circular orbit because the radius r of the ion is in- 
versely related to the strength of the magnetic field B as given by Equation 3-1. 

The result of the interaction of the noncircular path of the ion with the az- 
imuthally varying field is a restoring axial focusing force that directs the parti- 
cle back toward the median plane. The axial focusing thus accomplished per- 
mits the increase of the magnetic field strength to compensate for the relativistic 
mass increase of the ions due to acceleration. This is achieved by decreasing the 
space between the pole faces of the magnet with increasing radius along with 
supplemental tuning coils attached to the outer edge of the magnet. Thus, az- 
imuthal variation of the magnetic field in cyclotron results in axial focusing while 
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at the same time maintaining an average magnetic field strength that increases 
with radius to compensate for the relativistic mass increase. All modern cy- 
clotrons have such magnetic field strength configurations and are often called 
azimuthally varying field cyclotrons, spiral-ridge cyclotrons, or isochronous 
cyclotrons . 28 

EXAMPLE 3-4 

Calculate (A) the maximum velocity that protorts can attain in an az- 
imuthally varying field cyclotron having an extraction radius of 26.37 
cm and a magnetic field strength of 1.8 tesla, (B) compare the value 
obtained for (A) with the velocity of light, (C) what is the relativistic 
mass increase of the proton at its maximum velocity with reference to 
its rest mass, and (D) if a proton gains 100 keV energy per orbit, how 
long would it take for the proton to exit the cyclotron? 
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Advantages of a negative ion cyclotron over a positive ion cyclotron 

From the standpoint of performance characteristics, radiation shielding and sim- 
plicity of operation, a negative ion cyclotron has several advantages over a pos- 
itive ion cyclotron. The extraction of the accelerated negative ion (e.g., H”) beam 
is very simple. A thin (5 /xm) carbon foil, held in a small carousel with a diam- 
eter of less than 4 cm, strips the electrons to produce a positive ion (H + ) beam 
with an efficiency of nearly 100% (Figure 3-3). This electron stripping process 
does not produce any radiation or induce radioactivity. Thus, the internal parts 
of a negative ion cyclotron are relatively free from induced radioactivity, lower- 
ing the shielding requirements. Beam extraction in a positive ion cyclotron is 
complex and utilizes a curved and narrow (4 mm) electrostatic channel of 40 
cm in length through which the high-energy, accelerated beam is carefully steered 
(Figure 3-1). The beam extraction efficiency with such an electrostatic deflector 
assembly is less than 75%. The ~25% of the high-energy beam that is unex- 
tracted produces nuclear reactions in the internal parts of the cyclotron making 
them highly radioactive. 37 

The small size of the carbon foil/carousel extractor assembly permits de- 
ployment of multiple extractor systems inside the cyclotron. In the case of the 
RDS-112 cyclotron (manufactured by CTI, Inc., Knoxville, TN), four extraction 
carousels are assigned for four different beam delivery lines as shown in Figure 
3-3. This avoids the necessity of long-beam transport and steering external to 
the cyclotron vacuum tank. Overall, a negative ion cyclotron is compact and 
thus reduces the size and weight of the shielding requirements. 

The large size of the electrostatic deflector system restricts a positive ion cy- 
clotron to have only a single-beam delivery line. The beam extracted from the 
cyclotron is bent by an external steering magnet to divert it to different beam 





Negative Ion 
Beam 



Carbon 
Stripping 
Foil 

Negative 
Hydrogen 
Ions (H ) 



Carbon 

Stripping 

Foil 



Cyclotron Extractor 

FIGURE 3-3. A schematic representation of the extraction of negative ions using a car- 
bon stripping foil. Shown in the foreground is the carousel that holds three carbon foils 
for redundancy. The carousel is rotated under computer control to maximize the ex- 
traction efficiency of the proton beam. The top of the figure shows four such carousels, 
each of which can intercept the negative ion beam and deliver the proton beam to dif- 
ferent beam lines for different isotope production. (Courtesy of CTI Inc., Knoxville, TN.). 
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delivery lines. All these make the shielding more extensive for a positive ion 
cyclotron. 

Another major advantage with a negative ion cyclotron is the ability to si- 
multaneously irradiate two targets. This process is illustrated in Figure 3-4. The 
thin carbon extractor foil is placed partway in the path of the beam. A portion 
of the beam passes through the foil, electrons are stripped off, and the H + ion 
thus produced is directed to the beam line leading to target A. The remainder 
of the beam continues for another orbit and is then intercepted by a second ex- 
tractor foil to generate a second H + beam which is steered to target B. Such 
beam splitting is not practical with positive ion cyclotrons. 

The steering of the beam is also simple with a negative ion cyclotron and is 
accomplished by the position at which the extractor carbon foil intercepts the 
H - beam. The carousel holding the foil is rotated under computer control to 
maximize the amount of the beam extracted. 

Finally, the proton beam extracted from a negative ion cyclotron has better 
beam optics than a H + beam derived from a positive ion cyclotron. Beam ex- 
traction by the stripping process in a negative ion cyclotron avoids the radial (hor- 
izontal) defocusing observed in positive ion cyclotrons and yields roughly circu- 
lar beam shape. Further, the multiple scattering of the beam in the stripping foil 
also tends to eliminate inhomogenities (hot spots) in the beam. It is always de- 
sirable to have good beam optics for isotope production. Overall, it is advanta- 
geous to have a negative ion cyclotron for the production of radioisotopes. 

Deep valley cyclotron 

The most modern negative ion cyclotrons have a special magnet design, termed 
deep valley. Deep valley refers to gaps between the hills and valleys of the mag- 
netic system (see Figure 3-2). For example, the RDS-111 (CTI, Inc., Figure 
3-5 A), an 11 MeV cyclotron with deep valley magnet design, has a ratio of 27:1 
for the valley to hill gap (an analogous ratio for a nondeep valley cyclotron is 
roughly 2:1). This produces a magnetic field strength in the hills that is much 
stronger than the field strength in the valleys. As the accelerating negative ion 
passes through the hill region, its trajectory is sharply bent due to the strong 
magnetic field. On the other hand, the ion experiences only a weak magnetic 
field in the valley, and its path is nearly a straight line leading to the next strong 
field hill region. As described earlier, this azimuthally varying magnetic field pro- 
vides a strong axial focusing effect directing straying particles back toward the 
median plane. Deep valley magnet design provides excellent efficiency of beam 
transmission and low activation of the internal structures of the cyclotron, re- 
sulting in reduced shielding requirements. The extraction of the beam from a 
deep valley cyclotron is the same as the negative ion cyclotron beam extraction 
already described. 

Role of cylcotrons in the production of PET radioisotopes 

The most popular positron emitting isotopes 35 are ls O, 13 N, n C, and 18 F (Table 
3-1). Table 3-2 summarizes other important but less common positron emitting 
isotopes. To date, the cyclotron remains the accelerator of choice for the pro- 
duction of these isotopes. The cyclotrons developed during the 1960s and 1970s 
are huge, complex, and labor-intensive devices designed generally to support nu- 
clear physics research. 23,38 Occasionally, they are also found useful in a few nu- 
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FIGURE 3-4. Schematic illustration of splitting an accelerating negative ion beam into 
two separate proton beams for dual bombardment. Dual beam extraction permits the 
production of two different isotopes simultaneously. For example, during the produc- 
tion of a longer lived 18 F isotope, it is possible to produce several doses of a shorter 
lived isotope like 13 N or 1s O. To enhance the yield of a high demand isotope (e.g., 
[ 18 F]fluoride ion), two identical targets can be irradiated simultaneously. Such a process 
is a daily practice in PET radiopharmaceutical distribution companies. 
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FIGURE 3-5. A: Radioisotope Delivery System — RDS-1 1 1 cyclotron (CTI, Inc., 
Knoxville, TN) with the shield doors in the closed position (left) and the cyclotron in- 
side the shields (right). (Courtesy of CTI.) B: CTI Radioisotope Delivery System — RDS- 
1 1 2 cyclotron with the shield doors in the closed position. The cabinet to the left con- 
tains the automated chemistry modules (Courtesy of CTI.) C: IBA Cyclone 1 0/5 cyclotron 
without the radiation shield. (Courtesy of IBA Technology Group, Louvain-la-Neuve, 
Belgium). D: GE PET trace 2000 cyclotron without the radiation shield. (Courtesy of 
GE Medical Systems.) 



TABLE 3-1. Physical Characteristics of Important Positron Emitting Isotopes 



Radioisotope 


Half-life 

(min) 


Mode of 
decay a 
(%) 


Cmax for P + 
(MeV) 


Theoretical maximum 
specific activity 
(C i/m mol) 


,5 o 


2.07 


p + (99.9) 
EC (0.1) 


1.72 


9.08 X 10 7 


13 N 


9.96 


p + (100) 


1.19 


1 .89 X 1 0 7 


"C 


20.4 


P + (99.8) 
EC (0.2) 


0.96 


9.22 X 10 6 


18 p 


109.7 


P + (97) 
EC (3) 


0.635 


1.71 X 10 6 



a j3 + , positron emission; EC, electron capture. 
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TABLE 3-2. Physical Characteristics of Less Common Positron Emitting 
Radioisotopes 66 ' 1 321 33 



Radioisotope 


Half-life 


Mode of 
decay 3 (%) 


Cmax for ft + 

(MeV) 


Production 

mode 


38 K 


7.6 m 


ft + (100) 


2.68 


38 Ar (p, n) 


64 Cu 


12.7 h 


ft + (18) 
ft~ (37) 
EC (45) 


0.66 


64 Ni (p, n) 


68 Ge (parent) 


271 d 


EC (100) 




69 Ga (p, 2n) 


l generator 


68 Ga (daughter) 


68.3 m 


ft + (90) 
EC (10) 


1.90 




73 Se 


7.1 h 


ft + (65) 
EC (35) 


1.32 


75 As (p, 3n) 


75 Br 


1.6 h 


ft + (75) 
EC (25) 


1.74 


76 Se (p, 2n) 


76 Br 


16.1 h 


ft + (57) 
EC (43) 


3.90 


77 Se (p, 2n) 


82 Sr (parent) 


25 d 


EC (100) 




80 Kr (a, 2n) 


i generator 


82 Rb (daughter) 


1 .3 m 


ft + (96) 
EC (4) 


3.35 




1 24 1 


4.2 d 


ft + (25) 
EC (75) 


2.13 


125 Te (p, 2n) 



i (3 + , positron emission; /3 , electron emission; EC, electron capture. 



clear medicine programs of university-based hospitals or the commercial pro- 
duction of medically useful radioisotopes. 40 These cyclotrons provide positive 
ions (protons, deuterons, 3 He 2+ , and a-particles) with 10 MeV to 50 MeV en- 
ergies for the production of radioisotopes. These accelerators are installed in spe- 
cially designed vaults having 6- to 8-ft thick concrete walls for the purpose of 
radiation protection. The maintenance and operation of these machines require 
highly trained personnel, often with advanced degrees. 

In the mid 1970s, these large, complex cyclotrons were utilized for the pro- 
duction of positron-emitting isotopes in support of emerging PET programs. 23 
Chemists, frequently with advanced degrees, utilized these radioisotopes in the 
preparation of radiopharmaceuticals with remote manual synthesis units. 9,41 
Thus, in the 1970s, this combination of a huge, multiparticle positive ion cy- 
clotron for the production of positron emitters and manual synthesis units for 
the preparation of radiopharmaceuticals served mainly to validate PET as a po- 
tential research tool. 39 

In the early 1980s, pragmatic concerns of physical size, complexity, and cost 
of cyclotrons and the associated facilities led to the introduction of a new gen- 
eration of small, mini or baby cyclotrons with an expectation of a larger audi- 
ence participating in PET. 23,42 Unfortunately, the design of these machines 
closely followed those of the previous generation positive ion cyclotrons and 
similarly accelerated multiple particles (protons and deuterons and, occasion- 
ally, 3 He 2+ and a -particles). These cyclotrons were also installed in huge con- 
crete vaults and operated by interactive manual controls. 

The dawn of the personal computer era in the early 1980s was fortuitous for 
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the development of a newer generation of cyclotrons for PET. Thus, in 1984 a 
fully PC-controlled, low-energy (11 MeV), single particle (proton only), self- 
shielded cyclotron that did not require the traditional concrete vault was intro- 
duced by CTI, Inc. under the trade name RDS- 112 (Figure 3-5B). In a self-shielded 
cyclotron, the cyclotron steel frame or yoke serves as the primary radiation shield. 
Hydraulically driven movable blocks made of specially formulated concrete sur- 
round the accelerator for complete radiation protection. The user-friendly, PC- 
controlled RDS-112 is based on negative ion acceleration technology. 

The RDS-112, the first self- shielded cyclotron designed specifically for the 
routine production of large quantities of the four important positron-emitting 
isotopes ( ls O, 13 N, n C, and 18 F) in clinical and research settings, proved to be 
a trend setter. Other manufacturers developed similar accelerators. Table 3-3 
summarizes some of the currently available low-energy cyclotrons appropriately 
designed for the production of PET radioisotopes. 

As PET became a clinical reality in the 1990s, the manufacturers of cyclotrons 
introduced their latest generation of accelerators for the production of positron 
emitters specifically developed for installation in hospitals. 11 Common features 
among these cyclotrons are: 1) negative ion acceleration technology, 2) dual- 
beam capability for simultaneous production of two different isotopes, 3) self- 
shielding, 4) complete automation and control by a PC with graphical user in- 
terface (GUI) for ease of operation, and 5) low maintenance requirements. 
Because the self-shielded cyclotrons do not require large and expensive concrete 
vaults, these devices could be placed in rooms that only require appropriate tem- 
perature, humidity, and airflow. Similarly, the personnel costs are also modest 
as technicians generally operate these automated cyclotrons. 

The manufacturers have also concentrated on certain characteristics of the 
cyclotrons to improve the beam transmission, space requirements, and operat- 
ing power consumption. For example, IBA’s Cyclone 10/5 (IBA Technology 
Group, Louvain-la-Neuve, Belgium; Figure 3-5C) and CTTs RDS-111 (Figure 
3-5A) cyclotrons have a deep valley design for the magnet which reduces the size 
of the system, enables a better beam transmission, and considerably decreases 



TABLE 3-3. Low-Energy Negative Ion Cyclotrons 3 for the Production of 
Positron-Emitting Radioisotopes 



Company 


Model 


Proton energy 

(MeV) 


Number of 
targets 


CTI 


RDS-112 


11 


4 


CTI 


RDS-1 1 1 


11 


2 X 8 b 


IBA 


Cyclone 10/5 C 


10 


8 


GE 


PET trace d 


16.5 


6 


Ebco 


TR 13 


13 


2 X 4 e 


NKK-Oxford 


— 


12 


1 X 7 f 



a Self-shielding for CTI cyclotrons is standard. For other companies, it is optional. 
b Two beam ports each having an eight-target rotating carousel. 
c Optional 5 MeV deuteron capability available. 

Standard 8.4 MeV deuteron capability. 

‘Two beam ports each supporting a four-target rotating carousel. 
f Single-beam port supporting a seven-target rotating carousel. 
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the electrical power consumption. On the other hand, NKK-Oxford Instruments 
have designed a 12-MeV negative ion cyclotron based on a liquid helium-cooled 
superconducting magnet for stability of the magnetic field, lower weight, and 
low electrical power consumption. Interestingly, to minimize floor space, GE 
(GE Medical Systems, Milwaukee, WI; Figure 3-5D) and Ebco (Ebco Technolo- 
gies, Inc., Richmond, British Columbia, Canada) have developed cyclotrons that 
accelerate negative ions in a vertical plane. 

The choice of low energy (10-16 MeV) cyclotrons (Table 3-3) for the pro- 
duction of sufficient quantities of the four important positron emitters is largely 
based on the simplicity of design and operation, self- shielding capabilities, and 
relatively small space and low cost requirements. Overall, these cyclotrons, suit- 
able for a hospital-based production of positron emitters, are fully automated, 
controlled by a PC, and routinely operated by minimally trained technicians. 

Linear accelerators 

Recently, considerable interest has focused on the development of a new genera- 
tion of linear accelerators, as alternatives to cyclotrons, for the production of 
positron-emitting radioisotopes. 43 They include tandem cascade accelerator (Sci- 
ence Research Laboratory, Somerville, MA), 44 radiofrequency quadrupole (RFQ) 
accelerators, 45,46 proton linacs, 47,48 Nested High Voltage Generator (North Star 
Research Corporation, Albuquerque, NM), 49 and Pelletron tandem accelerator 
(National Electrostatics Corporation, Middleton, WI). 50 In general, these acceler- 
ators are capable of providing charged particles (protons, deuterons, or 3 He 2+ ) in 
the energy range of 3 MeV to 12 MeV at high milliampere beam currents (as op- 
posed to microampere currents with cyclotrons) for PET radioisotope production. 
The perceived advantages of these linear accelerators are: 1) lower cost to build, 
2) low operating costs due to lower power requirements, 3) reduced radiation 
shielding, 4) easy to operate and maintain, and 5) better reliability. At this time, 
many of these characteristics are yet to be realized in practice. Development of 
suitable target systems for the routine production of positron- emitting radioiso- 
topes with these relatively high-beam current accelerators has so far been a for- 
midable task 43 The full potential of this newer generation of linear accelerators 
for the routine production of PET radioisotopes is, however, yet to be established. 



NUCLEAR REACTIONS FOR THE PRODUCTION 
OF POSITRON-EMITTING RADIOISOTOPES 

The four most important positron emitting radioisotopes used in positron emis- 
sion tomography, namely, 18 F, U C, 13 N, and 15 0, are generally produced by the 
charged particle irradiation of stable nuclides in a cyclotron. Under a given set 
of irradiation conditions, the yield of the radioisotope produced depends upon 
various parameters that govern the nuclear reaction. Selected basic parameters 
that are relevant in this regard are discussed below. 

Nuclear reaction energy, Q 

The nuclear reaction energy, customarily called the Q value, represents the re- 
lease or absorption of energy during a nuclear reaction and is conventionally 
added to the product side of the nuclear reaction equation. 51 The value of Q can 
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be positive or negative. Nuclear reactions having positive Q value (exoergic) re- 
lease energy while negative Q value (endoergic) requires a net input of energy. 
Since the conservation of mass and momentum govern nuclear reactions, the Q 
value is numerically equal to the difference in rest mass between the reactants 
and the products, illustrated with the nuclear reaction of stable ls O nuclide with 
a proton to produce 18 F radioisotope and a neutron: 

ls O + p 18 F + n + Q 
which can also be expressed as: 

ls O(p, n) 18 F 

Thus, Q = rest mass of ( ls O + p) — rest mass of ( 18 F + n) 

The value Q is more conveniently evaluated using the mass excess A (the 
difference between the mass of an atom and its mass number) readily available 
from the Table of Radioactive Isotopes. 52 The tabulated values of A for the 
ls O(p,n) 18 F reaction expressed in units of energy are as follows: 

18 O:- 0.7823 MeV 18 F : 0.8733 MeV 

p : 7.2890 n : 8.0714 

6.5067 8.9447 



Thus, 



Q = 6.5067 - 8.9447 
= -2.438 MeV 



Threshold energy, E t 

The threshold energy, E t , for an endoergic reaction is the minimum kinetic en- 
ergy that the bombarding charged particle should possess for the nuclear reac- 
tion to be energetically possible. 51 The threshold energy would always be greater 
than the Q value since a fraction of the energy of the bombarding particle must 
be used to impart momentum to the whole system during the nuclear reaction 
(conservation of momentum). Calculations show that: 



Et = 



-Q 



(^) 



(3-8) 



where Ai = mass number of target nucleus and A 2 = mass number of the bom- 
barding particle. 



EXAMPLE 3-5 

Calculate the threshold energy for the I8 0(p,n) l8 F reaction. 



ANSWER 

The Q value for this nuclear reaction is —2*438 MeV* (see above) 



Using Equation 3-8, the value for the threshold energy. 



E, = -(-2.438) 



= 2.57 MeV 



(is + i; 
18 
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Coulomb barrier and starting energy, E s 

For a nuclear reaction to occur, a positively charged particle must overcome the 
repulsive electrostatic force as it approaches a target nucleus. The minimum en- 
ergy that the particle should possess to surmount the repulsive force is known 
as the Coulomb barrier. 52 The starting energy, 53 E s , required to overcome the 
Coulomb barrier and the energy of the bombarding particle needed to transmit 
momentum to the reaction system during collision (conservation of momen- 
tum) can be calculated approximately as follows: 



E s = 



( Q«96Z 1 Z 2 \/ Ai + A 2 \ 

U 1/3 + a 2 1/3 A Al ' 



MeV 



(3-9) 



where Z\ and Z 2 are the atomic numbers of the target and the particle, re- 
spectively, and Ai and A 2 are the mass numbers of the target and the parti- 
cle, respectively. 25 The first term on the right hand side of Equation 3-9 pro- 
vides the value for the Coulomb barrier alone while the second term represents 
the fraction of the energy of the particle needed for the conservation of mo- 
mentum. 



EXAMPLE 3-6 

Calculate the proton starting energy for the 18 G(p,n) ls F reaction. 




For an endoergic reaction to occur, the minimum energy that the particle 
should have is given by the larger of the threshold energy E t or the starting en- 
ergy E s . 54 Thus, for the nuclear reaction ls O(p,n) 18 F, the minimum proton en- 
ergy required is given by E t , which is 2.57 MeV. 

An example for an exoergic reaction is 20 Ne(d,a) 18 F, which has a Q value 
of +2.80 MeV. The threshold energy for such a nuclear reaction is zero. 
However, for the nuclear reaction to occur, the deuteron must possess 
enough starting energy (E s ) to overcome the Coulomb barrier as well as en- 
ergy to conserve momentum. An approximate value for E s in this case is 
given by: 



= / 0.96 X 10 X l \/ 20 + 2 \ 

S [ 20 1/3 + 2 1/3 ){ 20 ) 

= 2.66 MeV 

Thus, the approximate energy of deuterons needed for the 2O Ne(d,a0 18 F reac- 
tion is 2.7 MeV, even though the threshold for the reaction is zero. 

It is important to note that the calculations involving Coulomb barrier as 
given above are only approximate. An accurate estimation will require a rigor- 
ous quantum mechanical calculation. 51 
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Cross section 

For a nuclear reaction, the laws of conservation of energy and momentum in- 
dicate whether the reaction is possible; the cross-sectional data provide the prob- 
ability of the reaction to occur. The cross section, cr, is expressed as the effective 
area (it has nothing to do with the geometrical cross-sectional area, 7rr 2 , of the 
target nucleus) in a contrived disc for a given nuclei such that when a charged 
particle passes through it, a nuclear reaction would occur. A mathematical rela- 
tionship has been derived for the estimation of the cross section for a nuclear 
reaction wherein a beam of charged particles bombarding a thin target (which 
does not attenuate the beam) is given by: 51 

R = Inxcr (3-10) 

where R is the radioactivity expressed in disintegrations/second (dps) for the 
product nuclei; I is the intensity of the charged particles expressed as the number 
of particles/second; n is the number of target nuclei/cm 3 ; x is the thickness of 
the target in centimeters; and a is the cross section, expressed in cm 2 /nucleus. 

The unit of cross section is called a barn, denoted by b, and defined as: 

lb = 10 -24 cm 2 

The term barn was humorously proposed as a code word for nuclear cross sec- 
tion during the World War II. The geometrical cross section of a typical nucleus 
is 10 -24 cm 2 . Thus, a nuclear reaction cross section of 10 -24 cm 2 is relatively 
large, and, hence, hitting the nucleus to cause a nuclear reaction is considered 
as easy as hitting a barn. 

A common subunit of barn is millibarn, mb; therefore: 

1 mb = 1(T 3 b 

Assuming the product of a nuclear reaction is radioactive, there will be de- 
cay of the product during an irradiation of time t. Equation 3-10 then can be 
written as: 

R — Inx(j(l — e -At ) (3-11) 

where t is the time of irradiation in seconds and A the decay constant for the product 

radioisotope is given by where ti/ 2 is the half-life of the radioisotope produced. 
hi 2 

The value of R corresponds to the number of product nuclei formed at the 
end of the bombardment time of t. The value of a is evaluated by irradiating a 
thin foil of a material of known mass thickness with a known charged particle 
flux and measuring the activity after an irradiation time of t using Equation 3-11. 

The thickness of the target can be expressed in terms of weight per unit area 
(occasionally called area density) and is equal to the product of the number of 
target nuclei per cm 3 , n, and the thickness of the target in cm, x. The cyclotron 
beam current is generally expressed in units of microampere (//A). One fxh of 
current is equal to 6.25 X 10 12 electronic charges per second. A proton carries 
an unit electronic charge. Thus, for a proton beam: 

1 /jlA — 6.25 X 10 12 protons/s 

The helium ions 3 He 2+ and 4 He 2+ carry two charges and hence 1 ^lA of them 
corresponds to 3.125 X 10 12 particles/s. 
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EXAMPLE 3-7 

A 0.1 mg/cm 2 - thick foil of n B (80.2% enrichment) was irradiated for 
30 min with a 10-jwA beam of 9=MeV protons. The cross section for 
the l, B(p > nJ ll C nuclear reaction is 300 mb. Neglecting the energy 
degradation of the proton beam in traversing this thin target, calculate 
the amount of H C isotope produced. 




Excitation function 

The cross section, <r, depends on the energy, E, of the incident particle beam. A 
graphical relationship between a and E is known as the excitation function. 54 
Figure 3-6 provides the excitation functions for the production of n C, 13 N, 15 0, 
and 18 F isotopes for various nuclear reactions. 55 A knowledge of the excitation 
function can help in designing a gas target. 56 Excitation function measurements 
are frequently made to experimentally verify theoretical calculations as well as 
to elucidate nuclear reaction mechanisms. 

Saturation yield 

The amount of radioactivity produced in nuclear reactions is generally cor- 
rected to the end of bombardment (EOB) to enable a valid comparison be- 
tween different experiments. For comparison of experiments of different 
beam currents and irradiation times, a parameter known as saturation yield 
is used. The saturation yield is the theoretical maximum rate of production 





CROSS SECTION (millibams) 
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of a radioisotope for given beam energy conditions. 51 Saturation yield has a 
unit of mCi//xA and it is calculated using the following equation: 

Saturation yield = — — — — — - (3-12) 

1(1 - e -At ) 

where A 0 is the activity of the product in mCi at EOB; I is the beam current in 
/ xA ; A is the decay constant; and t is the time of irradiation in minutes. 

Saturation yield data are useful in calculating the radioisotope yield for a 
given reaction at a given reaction energy. 

The term (1 — e _At ) in Equations 3-11 and 3-12 is called the saturation fac- 
tor. 51 It represents the exponential growth of a product radioisotope during an 
irradiation of a target for time t. The rate of growth of a radioisotope with var- 
ious irradiation times in terms of its half-life is shown in Figure 3-7. The satu- 
ration factor approaches unity as the irradiation time t reaches about 7 half-lives 
of the product radioisotope. At that point, the rate of production of the isotope 
will be equal to the rate of decay. Hence, the duration of bombardment of a 
given target strongly depends upon the half-life of the product nuclide. In the 
case of PET radioisotopes, the 15 0 production normally utilizes an irradiation 
time of 5 half-lives (10 min) while the 18 F production bombardment rarely goes 
beyond 1 half-life (110 min). 

Thick target yield 

Equations 3-10 and 3-11 are valid only for a beam of charged particles striking 
a thin target such that the beam is not attenuated or attenuated only infinitesi- 
mally. However, charged particles traversing a thick target gradually lose energy 
due to interactions with electrons; hence, the target nuclei encounter a distri- 
bution of energies of the bombarding particles. Because the cross section of a 



FIGURE 3-7. Radioactivity buildup with irradiation time. The value 100 represents the 
saturation when the rate of production and decay are equal. 
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nuclear reaction depends upon the energy of the incident beam, the rate of the 
nuclear reaction R given by Equations 3-10 and 3-11 should account for this en- 
ergy loss and its effect on a , the cross section. Accordingly, an expression for 
the thick target yield, Y has been derived and shown to be: 53,54 



where Y = thick target yield in ^Ci//xA; 

Z = atomic number of the bombarding charged particle; 

A = mass number of the target nuclei; 
dE/dx = stopping power or specific energy loss in MeV cm 2 /g of the 
charged particle; 

<x(E) = cross section in mb at energy E; 
t = time of irradiation; 

1 1 / 2 = half-life of the product radioisotope; 

E in = incident energy of the particle; and 
E out = exiting energy of the particle. 

A target is called a thick target if the energy of the particle beam is com- 
pletely stopped within the target (E out = 0) or degraded to an energy less than 
the threshold for the nuclear reaction. The stopping power, dE/dx values are 
generally obtainable from range-energy tables. 57 ’ 58 Calculations using Equation 
3-13 are carried out by considering a thick target as a large number of thin slices 
stacked together such that the change in a (due to loss of energy of the beam) 
in each of those slices is negligibly small. 

Thus, the thick target yield can be defined as the radioactive disintegration 
rate (in mCi or fi Ci), at saturation, divided by the beam current (in /jlA). The 
thick target yield data are generally obtained by the integration of the corre- 
sponding excitation function. Typical thick target yield functions for U C, 13 N, 
15 0, and 18 F isotopes are illustrated in Figure 3-6. 

EXAMPLE 3*8 

Calculate the amount of 18 F isotope that would be produced by an irra- 
diation of a thick target with 10-MeV protons with a beam cur- 

rent of 20 fiA for 60 min, given that the saturation yield for l8 G(p,n) t8 F 
nuclear reaction at 10 MeV is 137 mCi/^A and ty 2 for iS F 1$ HO ruin. 



ANSWER 

Equation 3-12 can be rearranged as: 




for t » ti /2 (3-13) 



A 0 — saturation yield X 1(1 — e 



saturation yield — 137 niCi/^tA 
I = 20 |aA 




mm 



t = 60 min 
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Therefore, activity of l8 F isotope produced at EOB: 

/ - 0.693 \ 

= 137 X 20 X [\ — e - ^ xm j 
— 862.6 mCi 



EXAMPLE 3*9 

A thick target of h> N: was irradiated with 30 fiA of 10-MeV proton 
beam for 10 min to produce 749 mCi of l3 0-labeied oxygen gas 3 min 
after the end of bombardment. Calculate the saturation yield for the 
15 N(p t n) l5 0 nuclear reaction. 



ANSWER 

The activity of 1? Q isotope produced at EQB can be calculated using the 
formula: 

A t = A 0 e~ At 

A t > activity of 15 0 3 min after EQB — 749 mCi and tj /2 for l5 0 = 2 
min. Therefore, the activity at EOB 

A, 749 

- “7 = — = 21 18,0 mCi 

e" At e — *3 

Applying Equation 3-12 with 1 1/2 — 2 min and I — 30 jaA 

, - . 2118,0 
the saturation yield = — j _ y 

3o( 1 - e't - * 10 J 

= 72,9 mCi//iA 



TARGETS 

A target system is an ancillary unit or part of a cyclotron wherein irradiation of 
target materials takes place to generate positron-emitting isotopes. The follow- 
ing generic terminology is used for the description of various target systems: 

1. Target material — the liquid or gaseous material that undergoes nuclear trans- 
formation; 

2. Target body — that which holds the target material during the irradiation; 

3. Target — the combination of target material and the target body. 

Target design 

A generic gas target body for the cyclotron production of PET isotopes consists 
of a cylindrical aluminum tube (10 cm long and 1 cm in diameter) sealed at one 
end and provided with a thin (usually, 0.002 5 -cm thick) metal foil at the other 
end where the beam enters (Figure 3-8). The target body is surrounded by a 
cooling water jacket which removes the heat generated during the irradiation 
process. An inlet allows for loading of gaseous target material at —200 psi, and 
an outlet permits removal of the irradiated product. Proton beam from the cy- 
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Irradiated Product 




£ 

FIGURE 3-8. Generic cyclotron gas target. 



clotron travels through a thin vacuum isolation foil, and then the target foil into 
the target for the nuclear reaction. Cold helium gas is circulated in the annular 
space between the foils to dissipate the heat generated by the beam in the foils. 
It is a common practice to use a thick target for the production of radioisotopes. 
A target is considered thick if the impinging beam is degraded to thermal en- 
ergy levels. Using range-energy tables , 57,58 the conditions for a thick target are 
calculated. 

Cyclotron target bodies are generally designed to have a feature called low 
dead volume. The volume of the target material outside the beam path is 
termed as dead volume. The solenoid valves, fittings, and the associated plumb- 
ing of a target system usually provide the dead volume. The heat generated 
during the irradiation process causes thinning of the target material, known 
as density reduction, which leads to low radioisotope yield. In low dead vol- 
ume targets, the reduction of radioisotope yields due to density reduction is 
minimized. 
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In general, only 1 in 1,000 charged particles induce a nuclear reaction and 
the rest interact with atomic electrons and produce heat. The power deposited 
by the beam in the target is calculated using the formula: 

Power (in watts) = beam energy (in MeV) X beam current (in fiA) (3-14) 



EXAMPLE 3-10 

Calculate the power in cal/s deposited by a 40-fiA proton beam of 10,5 
MeV energy on a thick l4 N 2 gas target, 

ANSWER 

Using Equation 3-14, 

power (in watts) = 10,5 MeV X 40 fi A 
— 420 watts 

Since 1 watt — 0.24 cal/s 
power = 0,24 X 420 
= 100,8 cal/s 



Power deposition of this magnitude leads to large pressure rises in gas targets. 
Failure to cool the target body efficiently would lead to low yields of the prod- 
uct radioisotopes, to target foil rupture or all the way to a target melt down. 

Small volume targets for the production of important 
positron-emitting radioisotopes 

Selected nuclear reactions 59-61 with high cross section that are commonly used 
for the production of ls O, 13 N, n C, and 18 F are summarized in Table 3-4. In- 



TABLE 3-4. Important Nuclear Reactions for the Production of n C, 13 N, 1s O, and 
18 F Radioisotopes 59-61 



Reaction 


Q value 

(MeV) 


Threshold energy 
(MeV) 


Cross section 

E (°', max) a O' max 

(MeV) (mb) 


1s O-isotope 

15 N(p,n) 15 0 


-3.54 


3.7 


6.6 


230 


14 N(d / n) 1s O 


5.07 


0 


4.0 


227 


13 N-isotope 

13 C (p,n) 13 N 


-3.00 


3.2 


6.7 


275 


ie O (p,o:) 13 N 


-5.22 


5.5 


8.0 


139 


12 C (d,n) 13 N 


-0.28 


0.4 


2.3 


200 


1 ^-isotope 

"B(p,n) u C 


-2.76 


3.0 


9.0 


300 


14 N(p / a) 11 C 


-2.92 


3.1 


7.6 


253 


10 B(d / n) 1 1 C 


6.47 


0 


2.3 


270 


18 F-isotope 

18 0(p,n) 18 F 


-2.44 


2.6 


5.2 


630 


2O Ne(d,a0 18 F 


2.80 


0 


12.3 


24 


16 0( 3 He,p) 18 F 


2.03 


0 


6.3 


436 


1 e O(a, pn) 18 F 


-18.55 


23.2 


40 


250 



Energy of the particle at which the cross-section has the highest value (<r max ). 
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terestingly, the target systems for the production of these isotopes have paral- 
leled the evolution of cyclotron technology as described in Role of Cyclotrons 
in the Production of PET Isotopes (this chapter). In the 1960s and 1970s, large 
volume (>100 mL) target bodies containing nonenriched stable isotopes were 
commonly utilized as target materials for the production of the positron emit- 
ters. 62 With the introduction of smaller and self-shielded cyclotrons (Table 3-3) 
with lower beam energies in the 1980s, a dramatic improvement in target de- 
sign took place. Overall, the target volumes were reduced substantially ( 1 mL- 
3 mL for liquid targets to < 15 mL for gas targets depending upon the ra- 
dioisotope). 63-65 Based on the thick target yield data (Figure 3-6) proton-in- 
duced nuclear reactions for the production of large quantities of 15 0, 13 N, n C, 
and 18 F were implemented, and radioisotope yields were optimized based on tar- 
get shape and volume, beam energy, beam optics, and other related parame- 
ters. 66 Utilization of enriched isotopes as target materials for the production of 
Curie quantities of 15 0 and 18 F is a common practice these days. 63-65 Table 3-5 
summarizes the proton nuclear reactions involved in the formation of 15 0, 13 N, 
U C, and 18 F isotopes; target volumes and pressures; and the chemical form of 
the isolated product. Generally, the operation of these target systems are fully 
automated and controlled by a PC. 

In the last decade, a number of advancements in cyclotron target technol- 
ogy have taken place. For example, the RDS-111 cyclotron (CTI, Inc.; Figure 
3-5A) has two beam ports, each of which supports a fully automated eight-tar- 
get rotating carousel for greater flexibility in the production of PET isotopes. 67 
The volume of the gas target bodies have been reduced to just 7 mL for an effi- 
cient utilization of the expensive enriched target material (e.g., 15 N 2 for [ 15 0]0 2 
production). This miniaturization of the ls O target has enabled the production 
of unit doses (20-25 mCi) of 15 0-labeled water at a cost of only $4/dose. In 
Table 3-6, the routine yields of ls O, 13 N, U C, and 18 F radioisotopes obtained 
(and their chemical form) with 11-MeV protons using the latest generation of 
target bodies is summarized. 



TABLE 3-5. Proton Nuclear Reaction for the Routine Production of 
Positron-emitting Isotopes 



Radioisotope 


Nuclear 

reaction 


Target material 


Target 

volume 

(mL) 


Chemical form 
of product 
radioisotope 


' s O 


15 N(p,n) 15 0 


i5 N 2 + 16 0 2 (2.5%) 


1 5 a 


[ 15 oio 2 


13 N 


16 0(p,a) l3 N 


5 mM ethanol in 
sterile water 


3 b 


[ 13 n]nh 4 + 


n C 


14 N(p,<*)”C 


14 N 2 + 160 2 (1%) 


1 5 a 


[ n C]C0 2 


18 F 


18 0(p,n) 18 F 


H 2 18 O c 


0.3-3.0 d 


[ 18 F]F- 


18 F 


la O(p,n) 18 F 


18 o 2 


1 5 a 


[ 18 F]F 2 e 



a Target operational pressure: 210 psi. b Target operational pressure: 150 psi. 



c Using an anion exchange resin column, the target material is separated from the product isotope after irradiation and 
recycled. 51 

d Target operational pressure: 15 psi to 500 psi. 

e Obtained in a two-step process. After irradiation of 18 0 2 , the target gas is cryorecovered leaving 18 F isotope on the walls 
of the target body which is released subsequently by a second irradiation in the presence of small amounts of nonra- 
dioactive 19 F 2 (~100 /r-mol) in argon. 
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TABLE 3-6. Typical Yields of Positron-Emitting Precursors Obtained with 11-MeV 
Protons using RDS-1 1 1 Cyclotron 



Radioisotope 


Irradiation 

Beam current 
(pA) 


Time 

min 


Chemical form 


Yield 

(mCi) 


15 o 


40 


10 


o 2 


2000 a 




40 


10 


co 2 


800 b 




40 


10 


CO 


600 b 




40 


10 


h 2 o 


750 bc 


13 N 


40 


10 


nh 4 + 


100 a 


n C 


40 


50 


co 2 


1 500 a 




40 


50 


co 2 


3000 ad 




40 


50 


CO 


1000 b 


18 F 


30 


60 


F~ 


1 000 a ' e 




100 


120 


F" 


6900 ae 




40 


60 


f 2 


500 a ' f 



‘End of bombardment. b End of synthesis. 



c Routine production of 20 mCi to 25 mCi doses by computer control would cost less than $4/dose. 
d Two targets irradiated simultaneously. e H 2 ls O target. fl8 0 2 gas target. 



Recycling of enriched target materials 

Fluorine- 18 and oxygen- 15 are the two important positron-emitting radioiso- 
topes that currently utilize enriched stable isotopes as target materials. For 
example, production of [ 18 F] fluoride ion involves proton irradiation of ls O- 
enriched water while 15 N 2 is used for the production of 15 0 isotope. 66 Similarly, 
the production of 18 F-labeled molecular fluorine requires [ 18 0]0 2 as the target 
material. Typically, only 1 in 1 million of the atoms of the target material un- 
dergoes a nuclear reaction during a standard irradiation condition. Thus, it is 
desirable to recover the untransformed expensive target material, if possible. 
Scarcity and expense of [ ls O] water (95% enrichment: $150/g in the year 2003), 
[ 18 0]0 2 (95% enrichment: $500/L) and 15 N 2 (99% enrichment: $350/L) have 
led to the development of methods to recover and recycle 2 of these 3 precious 
target materials. 

An excellent method for the recovery (> 90%) of [ ls O] water after irradia- 
tion is commonly used in a number of PET centers. Proton-irradiated [ ls O] wa- 
ter is passed through a commercially available short column of anion exchange 
resin (e.g., Waters Accell plus QMA cartridge, Waters Corporation, Milford, 
MA). The [ 18 F] fluoride ion is efficiently trapped in the resin column and the 
valuable [ ls O] water that passes through is collected for recycling. 68 The [ 18 F] flu- 
oride ion is near quantitatively recovered from the resin column by elution with 
an aqueous base (e.g., K 2 C0 3 ). The recovered [ ls O] water is purified by distilla- 
tion before reuse. Alternatively, the used [ ls O] water could be returned to the 
manufacturer for purification purposes. 

A cryogenic method 69 for recovery and recycling of [ 18 0]0 2 has been known 
for nearly two decades in the production of [ 18 F]F 2 . In this method, [ 18 0]0 2 , 
after proton irradiation, is cryorecovered from the target in a stainless steel cylin- 
der dipped in liquid nitrogen. Essentially 100% of the [ ls O] oxygen gas is trapped 
in the cylinder leaving behind the 18 F activity produced inside the target surface. 
The 18 F activity is then commonly recovered as [ 18 F]F 2 by adding small quanti- 
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ties of nonradioactive fluorine gas ( — 100 jx mol) and reirradiating the target. The 
[ ls O]0 2 thus recovered can be reused without any further purification. 

The method of production of 15 0 isotope by the irradiation of 15 N 2 with 
protons unfortunately does not lend to recovering the target material. However, 
using small volume targets as described in Small Volume Targets for the Pro- 
duction of Important Positron-emitting Radioisotopes (this chapter), it is still 
possible to produce 15 0 isotope economically. 

In any event, the cyclotron manufacturers provide automated target systems 
for the production of 15 0, 13 N, U C, and 18 F isotopes. These systems are easy to 
operate and provide Curie levels of activities for most of these isotopes reliably 
and reproducibly. 



IMPORTANT PRECURSORS FOR 
PET RADIOPHARMACEUTICALS 

Positron emitter-labeled precursors refer to chemically distinct radioactive 
reagents that are used in the preparation of PET radiotracers. These radiolabeled 
precursors are invariably simple reactive products that are obtained directly from 
the target system or produced by certain rapid post-target chemical transfor- 
mations. 70 These positron-emitting precursors are utilized to incorporate the ra- 
diolabel into the PET tracer probes. 

Concept of specific activity (SA) 

When dealing with the production of radioisotopes, it is extremely important 
to minimize the isotopic dilution (contamination from stable isotopes of the 
same element). For example, the production of n C isotope involves the 
14 N(p,a) n C nuclear reaction, and the target material is 99% 14 N 2 containing 
1% 16 0 2 (chemical purity of these gases is 99.9995%). Even a gas mixture of 
this purity would contain stable isotope of carbon ( 12 C) impurities that would 
act as an isotopic diluent for the n C radioactive isotope produced. Carbon- 12 
contamination could also arise from the surface of the target body, valves, and 
the associated plumbing of the target. The extent of isotopic dilution is deter- 
mined by the measurement of the specific activity of the radioactive precursor 
or the tracer synthesized from it. Specific activity is generally defined as the 
amount of radioactivity per unit mass of a labeled compound. The mass of the 
labeled compound includes the mass of the radioactive product as well as the 
mass of its non-radioactive counterpart. For instance, in the calculation of the 
specific activity of n C0 2 produced with a cyclotron, the investigator should 
not only account for the mass of U C0 2 but also the non-radioactive 12 C0 2 iso- 
topic diluent that would invariably be present in the product. The combined 
masses of the radioisotope and its corresponding diluent can generally be de- 
termined by sensitive spectroscopic or electrochemical methods. The unit for 
specific activity is mCi/mg, Ci/mmol or Ci//xmol; the latter two are generally 
preferred. 

From the standpoint of specific activity, two distinct methods, namely, car- 
rier-added and no-carrier-added, are used for the production of PET radioiso- 
topes. The term carrier-added preparation of a PET radioisotope refers to a ra- 
dioactive production during which a known amount of the corresponding stable 
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isotope (generally termed as carrier) has been added. A no-carrier-added prepa- 
ration involves no intentional or otherwise addition of the stable isotopic car- 
rier during the production of the radioisotope. Thus, the specific activity of an 
isotope produced via a no-carrier-added method is always higher than the cor- 
responding nuclide made by the carrier-added technique. The specific activity 
of a carrier-added isotope, of course, depends upon the amount of carrier added 
during the production. The maximum specific activity that a radioisotope can 
attain results when every atom of the element is identically radioactive (i.e., en- 
tirely free from isotopic dilution) and is called the theoretical maximum specific 
activity. It can be calculated using the following equation: 



theoretical maximum SA = 



1.128 X 10 13 
* 1/2 



Ci/mol 



(3-15) 



when ti /2 is expressed in seconds. The theoretical maximum specific activity 
(Table 3-1) is seldom achieved in practice for any of the PET radioisotopes. Also, 
it is preferable to report the specific activity of a radiopharmaceutical rather than 
the SA of its radioactive precursor. 



EXAMPLE 3-1 1 

A 10-mCi sample of 2-[F-18|fluoro-2-deoxy-D-gIuco$e (FL>G) pre- 
pared by no-carrier-added nucleophilic synthesis was found to contain 
a mass of 0,70 fig of FDG as determined by a pulsed amperometric de- 
tector. Calculate the specific activity of the FDG sample. 



ANSWER 

Number of moles of FDG in 10 mCi sample 

= 7 X 10~ ? g 
182 g/mol 
^ 3.85 X 10“ 9 mol 



[In the calculation of the number of moles of FDG in 0,7 juig, the mo- 
lecular weight (182) of nonradioactive FDG is used since its concen- 
tration is » that of the l8 F counterpart,] 



The specific activity of FDG 



activity of FDG 
mass of FDG 
10 mCi 

3.85 X 10 9 mol 
2600 Ci/mmol 



1s O-labeled precursor 

The two common nuclear reactions used for the production of 15 0 isotope are 
given in Table 3-4. In both cases, the target material is spiked with 1% stable 
16 0 2 before irradiation to yield 15 0 in the form of 0 2 . The [ 15 0]0 2 can be used 
directly or as a precursor material for an on-line production of [ 15 0]CO, 
[ 15 0]C0 2 , and [ 15 0]H 2 0 60,62,66,71,72 (Table 3-6). Oxygen- 15 -labeled butanol has 
also been synthesized from [ 15 0]0 2 . 70 
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13 N-labeled precursor 

Among the nuclear reactions used for the production of 13 N isotope (Table 
3-4), the 16 0(p,o:) 13 N reaction is the most popular one. 27 ’ 60,62,66,71 Irradiation 
of 5 mM ethanol in water provides [ 1 3 N ] ammonia 73 which is also the most widely 
used precursor for 13 N-labeled compounds. Nitrogen- 13, like 15 0 radioisotope, 
finds only limited use in the preparation of more complex radiopharmaceuti- 
cals due to its short half-life. The principal utilization of this precursor is in the 
production of 13 N-labeled amino acids using rapid enzyme catalyzed reac- 
tions. 74,75 

1 ^-labeled precursors 

When a mixture of oxygen (1%) in pure 14 N 2 is irradiated with protons, 
[ U C]C02 is produced. 27,60,62,66,71 This is the principal precursor material for the 
preparation of a host of secondary n C precursors as shown in Figure 3-9. With 
the n C half-life of 20 min and the ease of production of [ n C]C02 in the Curie 
levels (Table 3-6), it is quite possible to prepare these secondary precursors not 
only by simple on-line techniques but also by other rapid synthetic methods. 
For example, 1 ^-labeled methane and hydrogen cyanide can be produced by 
on-line processes while n CH 3 I is produced by the reaction of [ n C]C0 2 with 
LiAlH 4 followed by treatment with HI. 60 The u CFl 3 l is perhaps the most im- 
portant precursor for U C labeling and is used as a methylating agent for a vari- 



FIGURE 3-9. 1 ^-labeled precursors for the synthesis of various classes of radiophar- 
maceuticals. 

^CNBr 



R^CHgl 




R^COCI 
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ety of N, O, and S centers in complex pharmaceuticals. 76 A well-designed mod- 
ule for the production of [ n C]CH 3 I has recently been developed by GE Med- 
ical Systems. 77 Unlike the [ n C]CH 3 I modules based on gas-liquid phase reac- 
tions, the GE module converts [ n C]C0 2 into [ n C]CH 3 I through an entirely 
gas-solid phase on-line reaction sequence. 77,78 This automated versatile module 
can produce very high specific activity (~20,000 Ci/mmol) [ n C]CH 3 I on de- 
mand. 1 ^-labeled methyl triflate has also been prepared from U CH 3 I using an 
on-line technique. The reactivity of [ l *C] methyl triflate ( U CH 3 0S02CF 3 ) is sev- 
eral orders of magnitude higher than that of n CH 3 I, and hence, it is the more 
preferred U C methylating agent. 79 

A number of other precursors such as 1 ^-labeled nitromethane, phosgene, 
cyanogen bromide, higher alkyl iodides, acid chlorides, and so on (Figure 3-9), 
along with n CH 3 I, have been found useful in the preparation of amino acids, 
enzyme inhibitors, and receptor-binding ligands. 27,60,76 Carbon- 1 1 -labeled ra- 
diopharmaceuticals generally have a specific activity of 2,000 to 20,000 Ci/mmol 
depending upon the method of production of the U C precursors. Table 3-7 pro- 
vides some important 1 ^-labeled radiopharmaceuticals synthesized by U C 
methylation reactions. 76 

18 F-labeled precursors 

Fluorine- 18 labeled precursors are produced in no-carrier-added (high specific 
activity) and carrier-added (low specific activity) states depending upon the nu- 
clear reaction and the target material used for the irradiation. 66 The relatively 
long half-life, low positron range (Chapter 1), strong C-F bond (110 kcal) and 
the ease of cyclotron production in multi-Curie levels make 18 F isotope the most 
useful among the common PET radioisotopes. Fluorine is an important element 
in its own right for modifying the properties of molecules. In terms of size, re- 
placement of a hydrogen for fluorine in pharmaceuticals produces minimum 
steric perturbations. However, the strong electron -withdrawing properties of flu- 
orine result in compounds with altered biochemistry and interesting biological 
properties. 80 Stimulated by this combination, and the increased stability of the 
carbon-fluorine bond relative to the carbon-hydrogen bond, a variety of fluori- 
nated 81 and radio-fluorinated 82 pharmaceuticals have been synthesized. The im- 



TABLE 3-7. Selected 1 ^-labeled Radiopharmaceuticals and Their Use in 
PET Studies 76 



11 C radiopharmaceutical 


Process or target 


L-Methionine 


Protein synthesis 


Thymidine 


DNA synthesis 


L-Deprenyl 


MAO-B enzyme 


Nicotine 


Nicotinic receptors 


Nomifensine 


Dopamine reuptake 


N-Methylspiperone 


Dopamine D-2 receptors 


Raclopride 


Dopamine D-2 receptors 


WIN 35, 428 


Dopamine transporter 


SCH 23390 


Dopamine D-1 receptor 


Ro 15-1788 


Benzodiazepine receptor 


Carfentanil 


Opiate receptors 


Acetate 


Oxidative metabolism and lipid synthesis in tumors 
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portant routes for the cyclotron production of 18 F isotope are summarized in 
Table 3-4. 

The primary carrier-added 18 F-labeled precursor is [ 18 F] elemental fluorine. 
The original production of this isotope utilized 20 Ne(d,a) 18 F nuclear reaction 
in a nickel target body. 27,61,66 The target gas (a mixture of 20 Ne and 0.1% of 
carrier 19 F 2 ) is irradiated with deuterons to produce [ 18 F]F 2 . Fluorine is the 
most reactive element known and because of its very high electronegativity (4.0 
in Pauling scale), it efficiently undergoes electrophilic addition and substitu- 
tion reactions. The reactivity of F 2 can be tamed to some extent and its propen- 
sity for indiscriminate radical reactions can be curtailed by diluting it with in- 
ert gases such as nitrogen or noble gases. Thus, the dilute [ 18 F]F 2 recovered 
from the neon gas target found an immediate use in the synthesis of FDG in 
the late 1970s. 83 

Introduction of low-energy-proton-only negative-ion cyclotrons in the 1980s 
required a different approach for the production of [ 18 F]F 2 . Presently, [ 18 F]F 2 
is produced via ls O(p,n) 18 F nuclear reaction using [ 18 0]0 2 as the target mate- 
rial in an aluminum target body. 84 The expensive target material is cryorecov- 
ered as described earlier in Recycling of Enriched Target Materials (p. 246). Sec- 
ondary precursors that could be produced from [ 18 F]F 2 are depicted in Figure 
3-10. The main rationale for the preparation of these reagents is to control the 
reactivity of fluorine. The 18 F-labeled reagents OF 2 , C1F, and NOF are produced 
in the target itself while C10 3 F and CFf 3 COOF (acetyl hypofluorite) are gener- 
ated on-line. 27,66,85 The fluorosulfonamides, 86 trifluoromethyl hypofluorite, and 
xenon difluoride-labeled with 18 F are prepared with rapid synthetic methods. 85 
Among all these carrier-added 18 F-labeled precursors, only [ 18 F]F 2 and 
[ 18 F]CH 3 COOF have found consistent use. Both these reagents are widely used 
in the synthesis of 18 F-labeled aromatic amino acids. 82 Being carrier-added pre- 
cursors, they produce only low specific activity (1-10 Ci/mmol) radiopharma- 
ceuticals. Selected examples of products synthesized with carrier-added 18 F-flu- 
orinating agents are provided in Table 3 -8. 87-93 

The primary no- carrier- added 18 F-labeled precursor is [ 18 F] fluoride ion, and 
it is readily obtained in multi-Curie levels by proton irradiation of enriched 
[ ls O]water. 66 Secondary 18 F-labeled precursors (Figure 3-11) such as the metal 



FIGURE 3-10. Common ^-la- 
beled precursors derived from 
[ 18 F]F 2 for the synthesis of var- 
ious classes of radiopharma- 
ceuticals. 



[ 18 F]CIF 




F 



(R = aryl and R’ = alkyl) 
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Resin 



TABLE 3-8. Selected 18 F-labeled Radiopharmaceuticals and Their Use in 
PET Studies 87 " 93 



18 F Radiopharmaceutical Process or target 



Carrier-added products 

6- [F-1 8]Fluoro-L-DOPA (FDOPA) 

4- and 6-[F-1 8]Fluoro-L-m-tyrosine (FMT) 
FDG 

5- [ 18 F]Fluorouracil 
8-[ 18 F]Fluoropenciclovir 

No-carrier-added products 

FDG 

P 8 F] Fluoromisonidazole 
FESP 

4-P 8 F]Fluorodexetimide 
F 8 F] Fluoroaltanserin 

6- P 8 F] FluoronorepinepFirine 
HBG 

3'-fluoro-3'-deoxythymidine ([F-1 8] FLT) 
[ 18 F]Fluoroethyl or methyl choline 



Presynaptic dopamine synthesis 
Presynaptic dopamine synthesis 
Glucose metabolism 
Tumor therapy to monitor metastases 
Reporter gene expression 

Glucose metabolism 
Hypoxic cell 

Dopamine D-2 receptor and D-2 
reporter gene expression 
Muscarinic acetylcholine receptor 
Serotonin S-2 receptor 
Adrenergic nerves 
Reporter gene expression 
DNA synthesis 

Choline uptake in prostate cancer 



fluorides, resin-bound fluoride, and quaternary ammonium fluorides are read- 
ily produced from their corresponding carbonates, bicarbonates, or hydroxides 
by reacting them with 18 F _ . Others (Figure 3-1 1) are obtained by rapid synthetic 
methods. 89 [ 18 F] Fluoride ion is principally used in nucleophilic substitution re- 
actions in aromatic and aliphatic systems. Among all these 18 F secondary pre- 
cursors, K 18 F and [ 18 F]tetra-n-butylammonium fluoride (nBu 4 N 18 F) are the 
most widely used in radiofluorination reactions. 87 The reactivity of K 18 F is en- 
hanced by complexing it with a cryptand called Kryptofix 2.2.2. The nucleophilic 
substitution reactions are conducted in dry polar aprotic solvents such as ace- 
tonitrile or dimethyl sulfoxide. 

Substrates that are amenable to aromatic 18 F nucleophilic substitution reac- 
tions are those with leaving groups such as nitro and quaternary ammonium 
moieties located at the ortho or para position with reference to electron with- 
drawing functional groups like CN, CHO, or COCH 3 . No-carrier-added 



X 18 F (X = Br, I) 




R 4 N 18 F (R = ch 3 , c 2 h 5 ,c 4 h 9 ) 
► K 18 F 
Rb 18 F 



FIGURE 3-1 1 . No-carrier-added 
18 F labeled precursors obtained 
from 18 F~ for the synthesis of 
various classes of radiopharma- 
ceuticals. 
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K 18 F/Kryptofix complex reacts with ease with such substrates and provides 18 F 
arylfluorides in 60% to 70% yields. 87 These 18 F arylfluorides are subsequently 
utilized in the synthesis of a variety of complex radiopharmaceuticals. Similarly, 
short chain [ 18 F]fhioroalkyl halides or sulfonates (e.g., [ 18 F]fluoromethyl bro- 
mide, [ 18 F]fluoroethyl tosylate) are prepared from alkyldihalides or sulfonates 
using K 18 F/Kryptofix. These [ 18 F]fluoroalkyl halides or sulfonates find extensive 
use in the alkylation of nitrogen and oxygen centers in compounds of pharma- 
ceutical interest. 87-89 [ 18 F]Fluoroalkyl groups, for example, can be used as rela- 
tively long-lived alternatives to n CH 3 -alkylated derivatives. The most important 
18 F nucleophilic synthesis involves the preparation of FDG which is produced 
in greater than 60% radiochemical yield on a routine basis in just about every PET 
center. 90 As expected, no-carrier-added 18 F nucleophilic substitution reactions pro- 
vide products with high specific activity (1,000-10,000 Ci/mmol). Such high spe- 
cific activity radiopharmaceuticals are generally required for receptor- and gene 
expression-related assays. 87 Table 3-8 provides certain important no-carrier-added 
18 F radiopharmaceuticals used in PET studies. 27,82,85,87,89,91-93 



AUTOMATED SYNTHESIS MODULES 

The success of PET in the long run depends on the availability of cyclotron- 
based synthesis systems with easy, simplified operations for repetitious and re- 
liable radiopharmaceutical preparation. 11,94,95 PC-controlled automation of the 
synthetic process is highly desirable for the widespread use of PET. The ration- 
ale for automation of radiopharmaceutical synthesis includes: 1) reduction of 
radiation exposure to personnel, 2) efficient use of personnel by eliminating the 
need to do time-consuming syntheses, 3) better reproducibility of the synthetic 
method, and 4) overall cost savings. Furthermore, automation of the radio- 
pharmaceutical synthesis would facilitate compliance with the U.S. Food and 
Drug Administration’s (FDA’s) upcoming new regulations mandated by U.S. 
FDA Modernization Act of 1997. 96 

Historically, two distinct approaches have been applied to the automation 
of radiopharmaceutical synthesis, namely, automated modules based on the 
principle of unit operations and robotics-based systems. 70,97 The unit operations 
approach is based on the philosophy that a complex process can be reduced to 
a series of simple operations or reactions, which are identical in fundamentals 
regardless of the labeled compound being prepared. 98,99 Synthetic methodolo- 
gies based on this principle have remained the most popular technique for au- 
tomation of PET radiopharmaceutical syntheses. 97 

Automatic systems based on both the unit operations approach 100-102 and 
robotics 103 have been used for the synthesis of nonradioactive compounds. For 
example, the first automated instrument for peptide synthesis using the unit op- 
erations approach was described in 1966. 104 Over the years, a number of new 
automated synthesizers based on this maxim, for peptides, DNA and RNA, and 
oligonucleotides have been developed by both academia and industry. 105-107 In 
the past 15 years, biotechnology companies have further advanced this method- 
ology and have developed a variety of PC-controlled, bench-top automated sys- 
tems for DNA, RNA, and peptide synthesis, as well as for small drug molecules 
in combinatorial chemical technology. 108 These versatile yet user-friendly sys- 
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terns are easy to operate and maintain and are extensively used in genome se- 
quencing and mapping projects and a growing array of polymerase chain reac- 
tion (PCR) applications. 

On the other hand, automated systems based on robotics are generally designed 
to perform a small set of manipulations many times (e.g., sample preparations) and 
not a large set of manipulations a few times (or once) as is normally required for 
a chemical synthesis. 109-111 Robots are invariably complicated and substantially ex- 
pensive because they are mechanical devices and require a large work area to ac- 
commodate the hardware. Further, for the day-to-day operation of a robotics-based 
automated system, personnel with special training in computer programming and 
some engineering might be required. 112 In spite of these shortcomings, robots have 
been used in synthetic chemistry. 103,113 Described in this section is the utilization 
of automated modules based on unit operations as well as robotics for the routing 
synthesis of positron emitter-labeled radiopharmaceuticals. 

Automated synthesizers based on unit operation principles 

During the past 20 years, at the University of California, Los Angeles (UCLA), 
we have applied the principle of unit operations in the development of semi- 
automated and automated systems for the synthesis of a variety of positron- 
emitting radiopharmaceuticals. 114-120 A similar approach has also been utilized 
by other laboratories. 85 In this approach, a multistep synthetic process is bro- 
ken down into the required unit operations (e.g., addition of reagent, removal 
of solvent, solvent extraction, chromatography and sterilization, and so on). 
These simple unit operations are performed in sequence on a remote, semiau- 
tomated basis where standard laboratory glassware and equipment are used in 
conjunction with solenoid valves. The interaction of a chemist is entirely remote 
and involves the addition of reagents, transfer of fluids by application of pres- 
sure or vacuum, and the initiation of each operation by actuating the appropri- 
ate combination of electrical switches controlling the solenoid valves. The reli- 
ability of this unit operation-based design approach is underscored by the record 
of several thousand production runs over the past two decades for the prepara- 
tion of a host of positron-emitting labeled radiopharmaceuticals in our labora- 
tories. 121 Such semiautomated systems were the prelude to achieving complete 
automation of the synthetic process with a PC. 

To illustrate the versatile concept of an unit operations-based semiautomated 
synthesis system and its direct extension to a computer- controlled fully automated 
module, we chose the example of FDG synthesis. 90 A semiautomated system for 
the synthesis of FDG using the method described in the literature 90 was constructed 
early on (Figure 3-12) and thoroughly tested before embarking on the automation 
process. The complete synthetic process was broken down into appropriate unit 
operations and the basic steps were: 1) release of [ 18 F] fluoride ion from the cy- 
clotron target, 2) nucleophilic fluorination of the precursor, 3) isolation of the in- 
termediate product, 4) acid hydrolysis of protecting groups, 5) purification of FDG 
by ion- exchange chromatography, and 6) sterilization of FDG for human use. 

These unit operations for the synthesis of FDG were automated under PC 
control at UCLA in collaboration with CTI, Inc. This fully automated module, 
termed Chemistry Process Control Unit (CPCU) 122 (Figures 3-12 and 3-13A), 
emulates the well- tested, semiautomated system developed in our laborato- 
ries based on unit operation principles. The initial module incorporated self- 
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Semi-automated 




Automated 




FIGURE 3-12. Schematics of semiautomated (top) and automated (bottom) FDG synthe- 
sis modules, both based on unit operation approach. The automated system consists of 
five unit operations (fluorination, chromatography, hydrolysis, chromatography, and ster- 
ilization) identical to those of the semiautomated system. The semiautomated system has 
manual operations and is assisted by pressure/vacuum for transfer of fluids from one re- 
action vessel to another while in the automated module, nitrogen gas pressure is utilized 
for analogous transfers. Vessels #1 and #2 in the automated system correspond to the 
fluorination and hydrolysis vessels, respectively, in the semiautomated system. The alu- 
minum heater block in the semiautomated system is replaced by moving oil baths (not 
shown) in the automated system. Complete details on these systems have been re- 
ported. 122 (Reprinted from Satyamurthy N, Phelps ME, Barrio JR. Electronic generators 
for the production of positron-emitter labeled radiopharmaceuticals: Where would PET 
be without them? Clin Positron Imag. 1999;2:233-253, with permission from Elsevier.) 
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FIGURE 3-13. A: Automated FDG synthesis system based on the unit operations prin- 
ciple (Figure 3-12) as commercially available from CTI, Inc. of Knoxville, TN. This de- 
vice is called Chemistry Process Control Unit (CPCU). (Courtesy of CTI.) B: Automated 
FDG synthesis module available from Jaltech. (Courtesy of Jaltech). C: Automated FDG 
synthesizer from Coincidence Technologies (GE Medical Systems). This system uses 
disposable components to ensure a clean operation and minimal time between syn- 
thesis. The highlight of this module is the fast synthesis of FDG (20 min) with high ra- 
diochemical yields (55-65%). (Courtesy of Coincidence Technologies, GE Medical Sys- 
tems). D: GE automated FDG synthesis system. This device utilizes a fully disposable 
cassette containing reagent vials, tubings, and syringes (left). This cassette is loaded 
into the automated module (middle) for the synthesis of FDG. After the production run, 
the expired cassette is easily and rapidly removed (right) and a new one inserted for 
the next run. No manual cleaning between production runs is required minimizing 
greatly radiation exposure to personnel. (Courtesy of GE Medical Systems). E: Auto- 
mated nucleophilic/electrophilic fluorination module from Nuclear Interface. This unit 
can be easily adapted for the synthesis of a number of 18 F-labeled radiopharmaceuti- 
cals. (Courtesy of Nuclear Interface, GE Medical Systems.) 



diagnosis and feedback from sensors such as vapor pressure monitors, liquid level 
sensors, and so on. However, the system worked quite well with a simple series of 
on/off commands and timed waits from a PC. Thus, to maintain simplicity and 
reliability, the timing of various tasks that took place during the synthesis were de- 
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termined, and a margin for variation was incorporated in the final program. How- 
ever, to ensure mechanical stability, optical feedback limit switches as well as ther- 
mocouple feedback signals were utilized for the overall reliability of the system. 
The success rate of the synthesis of FDG with this automated chemistry module 
has been greater than 99%. Using this system, pure, sterile, and pyrogen-free FDG 
for human use is routinely obtained in an average radiochemical yield of greater 
than 60%. Currently, over 150 of these FDG modules are in daily use in the United 
States and Europe, attesting to the validity of the unit operation approach towards 
automating positron-emitting radiopharmaceutical synthesis. 

Automated FDG modules based on the principles of unit operations are also 
commercially available from Jaltech (Figure 3-13B), IBA, and Nuclear Interface (GE 
Medical Systems). All these modules provide pure, sterile, and pyrogen-free FDG 
suitable for human use in good yields. Both GE (Figure 3-13D) and Coincidence 
Technologies (GE Medical Systems; Figure 3-13C) have developed unique FDG 
synthesizers based on this principle. These devices utilize disposable cassettes made 
of standard medical components containing all the required reagents for the syn- 
thesis of FDG. Interestingly, with the synthesizer developed by Coincidence Tech- 
nologies, the complete FDG preparation, based on the alkaline hydrolysis of the ra- 
diolabeled glucose intermediate, can be performed in 20 min with a radiochemical 
yield of 54%. Thus, starting from 5.9 Ci of [ 18 F] fluoride ion delivered from the cy- 
clotron, 3.3 Ci of FDG ready for human use can be obtained with this automated 
unit, 123 an attribute highly attractive to PET radiopharmaceutical distribution com- 
panies. In this regard, it is noteworthy that Nuclear Interface offers a radiophar- 
maceutical dose-dispensing unit. This fully automated computer-controlled mod- 
ule can dispense unit doses from a large batch (e.g., > 500 mCi) of PET tracer, 
under sterile conditions, vastly reducing radiation exposure to personnel. 

Indeed, in addition to FDG, computer-controlled automated synthesizers 
have become commercially available for a variety of positron emitter-labeled ra- 
diopharmaceuticals. For example, Table 3-9 summarizes n C- and 18 F-labeled 
precursors that are commonly used for the production of PET tracers. Carbon- 
ation of Grignard reagents with [ n C]C02 and methylation of heteroatoms (e.g., 
nitrogen or oxygen) with [ n C]CH 3 I are the most popular reactions for the 
preparation of 1 ^-labeled radiopharmaceuticals as discussed in 1 ^-labeled 
Precursors (p. 249). Likewise, [ 18 F]fluoride ion and [ 18 F]fluorine gas have been 
the reagents of choice for nucleophilic and electrophilic substitution reactions 
as described in 18 F-labeled Precursors (p. 250). Versatile automated modules 
for all these classes of reactions are readily available from several commercial 
sources. For example, Nuclear Interface has developed a generic nucleophilic/ 



TABLE 3-9. Examples of Radiolabeled Precursors, Generic Reactions, and Products 
for Automated Synthesizers 



Precursor 


Generic reaction 


Example of product 3 


p'cicoj 


Carbonation of Grignard 
reagent 


1-IC-1 1] acetate 


I 1 1 C]CH 3 l 


N-Alkylation 


[ 11 C]Methylspiperone l 1 1 C]WIN-35,428 


[ ,8 F]F- 


Nucleophilic substitution 


FDG, [ 18 F]Fluoroethyl-spiperone 


[ 18 F]F 2 


Electrophilic substitution 


FDOPA 



a As described in sections 15 0-labeled Precursors, p. 248, and 13 N-labeled Precursors, p. 249 (both sections in this chap- 
ter) the other important PET tracer [ 13 N] ammonia is directly produced in the target while ls O-labeled water, oxygen, 
carbon monoxide, and carbon dioxide are prepared via simple flow-through systems. 
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electrophilic fluorination module, based on the unit operations approach, (Figure 
3-13E) that is suitable for the routine preparation of a variety of 18 F-labeled PET 
tracers. This module can easily be adapted to synthesize FDG and 18 F-labeled drugs 
such as fluoromisonidazole, fluoroestradiol, altanserine, 5-fluorouracil, and so on. 124 
Similarly, the utility of the CPCU (Figure 3-13A) has readily been extended to the 
synthesis of2-[ 18 F]fluoro-2-deoxymannose, [ 18 F]fluoroacetate, 2'-[ 18 F]fluoroethyl- 
spiperone, and FDOPA. 122,1 25 

All commercially available automated modules for the synthesis of PET ra- 
diopharmaceuticals have certain similarities among them. They are all generally 
compact, they occupy a space less than 20" X 20" X 20", and, thus, they nicely 
fit inside a hot cell. The units are fully controlled by PCs with user-friendly menu- 
driven operating systems and allow a graphical visualization of the entire se- 
quence of the synthetic operation. All the reaction parameters of the synthesis 
and other pertinent data are automatically saved for quality control documen- 
tation. Further, the software in all systems is quite flexible; therefore, users can 
easily modify and adapt the module for any future automation of new synthe- 
ses. Incidentally, most modules can also automatically self-clean between pro- 
duction runs. Most importantly, these automated synthesizers can easily be op- 
erated by technicians and are highly suitable for hospital-based PET centers and 
commercial radiopharmacies for day-to-day routine production of pure, sterile 
and pyrogen-free radiopharmaceuticals. 

Robotics-based automated synthesizers 

Automated modules for the synthesis of positron emitter-labeled radiopharma- 
ceuticals based on robotics are still in the research domain. 97 Several 18 F- and 
1 ^-labeled PET tracers have been synthesized with robotic units. 97 However, 
routine synthesis of these products using robots in a clinical environment is yet 
to be realized. While every cyclotron manufacturer offers automated synthesiz- 
ers based on the unit operation principle, none offers analogous modules based 
on robotics. Until easy-to-use and user-friendly robotic modules that do not re- 
quire personnel with competence in computer programming and engineering 
for routine use are developed, 126,127 their utilization in a clinical PET facility for 
the synthesis of radiopharmaceuticals will be quite limited. 



INTEGRATED AUTOMATED SYSTEM- 
ELECTRONIC GENERATOR 

The integrated radiopharmaceutical production system, termed electronic gen- 
erator, is a concept for the routine production of positron-emitting radiophar- 
maceuticals for commercial radiopharmacies, clinical service, and research. 11 An 
electronic generator has the following components: 1) a low-energy, single par- 
ticle (proton only), preferably negative ion cyclotron; 2) small volume targets 
for an in-target or on-line production of positron emitter-labeled precursor mol- 
ecules; and 3) automated synthesizers for the routine production of sterile and 
pyrogen-free radiopharmaceuticals. All these components are integrated as a sin- 
gle device with its operation fully controlled by a PC using simple menu-driven 
options chosen by a technician. A composite figure that represents an electronic 
generator is shown in Figure 3-14. 
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FIGURE 3-14. Electronic generator consisting of A) a low-energy negative ion cyclotron, B) a small volume target, 
and C) an automated radiopharmaceutical synthesizer. The target (B) is contained within the cyclotron (A). The op- 
eration of all these components is fully controlled by a PC. 
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FIGURE 3-15. Classic example of an electronic generator, the Cyclone 3 system from 
IBA for the production of 1s O-labeled radiopharmaceuticals. This compact system 
(56.4" X 27.6" X 69.1") is shown here without the shields. (Courtesy of IBA Technol- 
ogy Group, Louvain-la-Neuve, Belgium.) 



The most elegant example of an electronic generator is the Cyclone 3 sys- 
tem (Figure 3-15), developed by IBA more than 10 years ago. The heart of this 
generator is a small, 3.6-MeV deuteron-only self-shielded cyclotron capable of 
continously producing 15 0 isotope via 14 N(d,n) ls O nuclear reaction. This sim- 
ple and reliable electronic generator, aptly designed for the hospital environ- 
ment, runs basically unattended after start-up by a technician. Whenever a study 
is required, a technician can simply draw out a dose similar to drawing a dose 
from a 99 Mo/ 99m Tc generator. In this analogy, the electronic generator is sub- 
stituted for 99 Mo, parent of 99m Tc. Delivery of [ 15 0]0 2 (continuous flow: > 100 
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mCi/min), [ 15 0]H 2 0 (batch: > 150 mCi), [ 15 0]C0 2 (continuous flow: > 80 
mCi/min), and [ ls O]CO (continuous flow: > 60 mCi/min) is possible within 
15 min of startup. 128 Four units of this electronic ls O generator are currently in 
daily use in Europe. 

In the 1990s, cyclotron manufacturers clearly developed systems that met 
the objectives of electronic generators. As discussed earlier, the latest generation 
of cyclotrons has a PC that controls all targets and automated synthesizers. The 
cyclotron manufacturers have seamlessly interfaced these three components of 
the electronic generator for low-cost production of PET radiopharmaceuticals. 
Currently using such electronic generators, PET radiopharmaceuticals such as 
FDG, [ 13 N] ammonia, and 15 0-labeled 0 2 and H 2 0, are routinely produced for 
clinical studies by technicians, literally with a few computer keystrokes. Thus, 
through inventions and innovations, what was once a handicap in the early days 
of PET, namely the cyclotron, has now become an advantage through the elec- 
tronic production of PET radiopharmaceuticals. It is anticipated that relatively 
complex synthesis of 18 F-labeled tracers (e.g., FDOPA, 3-(2'-[ 18 F]fluoroethyl)- 
spiperone, 9-(4-[ 18 F]fluoro-3-hydroxymethylbutyl)guanine, FLT, and [ 18 F] flu- 
oroethylcholine, and so on) will also be brought under the umbrella of electronic 
radiopharmaceutical generators in the near future. 125,129 

PET RADIOPHARMACIES AND CLINICAL PET 

Although further technological advances will produce additional refinements, 
the concept of integrated, remote, automated systems for PET radiopharma- 
ceuticals has now become a reality. The recent advancement of electronic gen- 
erators for the reliable and routine production of commercial PET radio- 
pharmaceuticals, especially FDG, has largely been responsible for the inception 
of regional distribution by national companies like P.E.T.Net® Pharmaceuti- 
cals, Inc. (Knoxville, TN), Syncor International Corp. (Woodland Hills, CA) 
Syncor Advanced Isotopes, LLC (Woodland Hills, CA), and Eastern Isotopes 
(Sterling, VA) and many small regional companies. The daily distribution of 
FDG to clinical PET centers is akin to the services provided by radiopharma- 
ceutical companies that supply single photon-emitting radiopharmaceuticals 
to nuclear medicine practices. Thus, PET radiopharmaceuticals are available 
as an operating expense to a hospital involved in clinical service without the 
previous practical limitations and expense of on-site cyclotrons and their as- 
sociated facility and personnel requirements. In the year 2003, PET radio- 
pharmacies (Figure 3-16) are within 100 miles of 50% of the hospital beds in 
the United States. 

Parenthetically, the versatility of the automated synthesizers provides an in- 
teresting avenue in PET radiopharmaceutical production. With the advent of 
the new microPET technology (Chapter 1), a current rapid integration of biol- 
ogy with molecular imaging exists for studying the biological nature of disease 
and developing molecular therapies in such models as genetically engineered 
mice and mice transplanted with cells of human disease. This integration has 
opened new avenues for PET radiopharmacies (Figure 3-16) originally designed 
to serve a clinical PET market. These new customers are biological scientists from 
academia and the pharmaceutical and radiopharmaceutical industries, interested 
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FIGURE 3-16. A conceptual picture of a PET radiopharmacy for the production and 
distribution of positron-emitting radiopharmaceuticals for clinical and research appli- 
cations. PET Radiopharmacy, Inc. is a generic name. (Reprinted with permission from 
Satyamurthy N, Phelps ME, Barrio JR. Electronic generators for the production of 
positron-emitter-labeled radiopharmaceuticals: Where would PET be without them? 
Clin Positron Imag. 1999;2:233-253, with permission from Elsevier.) 



in PET molecular imaging probes for research, generally aimed at specific pro- 
tein and mRNA and DNA targets (Chapter 4). These potential customers may 
not necessarily be chemistry- driven or may not have the resources to open their 
own PET research centers. It is predicted, therefore, that custom synthesis of 
PET molecular imaging probes would be supplied for in-vivo studies much like 
14 C-, 3 H-, and 32 P-labeled compounds are now provided for in-vitro applications. 

Because commercially available automated modules can be stand-alone units 
easily adaptable to synthesize a variety of PET tracers, with the current avail- 
ability of [ 18 F] fluoride ion from commercial radiopharmaceutical sources 
throughout the world, these automated synthesizers would also enable in-situ 
preparation of 18 F-labeled PET tracers without the need to have an in-house cy- 
clotron and without the overhead resulting from sophisticated chemistry oper- 
ations. This combination of initiatives and the availability of electronic genera- 
tors will not only provide PET a range of molecular imaging probes but also 
increase in volume and lower the cost of production of radiopharmaceuticals. 
It will also provide further integration of nuclear medicine into the biological 
and pharmaceutical sciences. 

The recent legislative action, the U.S. Food and Drug Administration Mod- 
ernization Act of 1997, 96 has also opened a new era in PET radiopharmaceutical 
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regulations. Working together with the PET radiopharmaceutical community, the 
FDA is currently embarked on the formulation of new PET radiopharmaceutical 
regulations and their clinical indications. This process involves the grandfathering 
of existing PET radiopharmaceuticals in current clinical use (e.g., FDG, [ 18 F] flu- 
oride, [ 13 N]ammonia, [ 15 0]water, and FDOPA) and implementation of efficient 
procedures to introduce new PET radiopharmaceuticals into the clinical domain 
(e.g., bibliography-based review vs. New Drugs Applications/Abbreviated New 
Drug Applications approaches). As part of this overall process, the FDA has re- 
cently approved the clinical use of FDG for all cancers, myocardial viability, and 
epilepsy. Further, [ 13 N] ammonia was also approved as a myocardial perfusion 
agent. Working in partnership with the U.S. Pharmacopeia, the FDA is produc- 
ing quality control standards for all these PET radiopharmaceuticals which are also 
being developed. It is also envisioned that the whole regulatory process for PET 
radiopharmaceutical development, including Radiation Drug Research Commit- 
tee approvals and Investigational New Drug applications will be revamped as a 
recognition of the excellent record of safety of PET radiopharmaceuticals 130 and 
the mandate of the Modernization Act of 199 7. 96 

The combination of technological and regulatory developments is opening 
a new era for PET. The future is bright and is filled with new opportunities, but 
the efforts to reach the goals are not trivial. These efforts involve both the clin- 
ical and research arena, and most specifically, the creation of a new vision, the 
PET radiopharmacy serving clinicians, researchers, and industry. The new reg- 
ulatory atmosphere should also provide impetus to the creation of new PET mo- 
lecular imaging probes for research and the clinic, new partnerships between ac- 
ademia and industry, new approaches for synthesis [e.g., combinatorial 
(radio)chemistry], 131 and more advanced technologies for automation and sys- 
tem integration. 

The joint endeavor between academia and the cyclotron industry has led to 
the development of the novel concept of electronic generators, integrated sys- 
tems consisting of a low-energy (e.g., 1 1-MeV proton), self-shielded negative ion 
cyclotron, small volume targets for the production of positron- emitting precur- 
sors, and automated synthesizers all under the control of a personal computer 
for the routine production of PET radiopharmaceuticals for clinical and research 
applications. The evolution of such systems had been envisioned more than a 
decade ago, as an important step for the widespread use of PET as a clinical 
tool. 121 Currently, electronic generators for the routine production of multiple 
doses of FDG, [ 13 N] ammonia, and 15 0-labeled radiopharmaceuticals are com- 
mercially available and the number of commercially available PET radiophar- 
maceuticals is expected to grow rapidly over the coming years. The hallmark of 
the electronic generators is the efficient, reliable, and cost-effective method for 
the production of PET radiopharmaceuticals. Thus, the implementation of the 
legislative action embodied in the Modernization Act of 1997 and the availabil- 
ity of electronic generators auger well for the success of clinical PET. 



REFERENCES 



1. Phelps ME, Hoffman EJ, Mullani NA, Ter-Pogossian MM. Application of annihilation 
coincidence detection to transaxial reconstruction. / Nucl Med. 1975;16:210-224. 




264 



PET: Molecular Imaging and Its Biological Applications 



2. Phelps ME, Hoffman EJ, Mullani NA, Higgins CS, Ter-Pogossian MM. Design consid- 
erations for a positron emission transaxial tomography (PETT III). IEEE Nucl Sd. 
1976;NS-23:5 16-522. 

3. Hoffman EJ, Phelps ME, Mullani NA, Coble CS, Ter-Pogossian MM. Design and per- 
formance characteristics of a whole body positron transaxial tomography. / Nud Med. 
1976;17:493-502. 

4. Phelps ME. Emission computed tomography. Semin Nud Med. 1977;7:337-365. 

5. Phelps ME, Hoffman EJ, Huang S-C, Kuhl DE. ECAT: A new computerized tomograph 
imaging system for positron-emitting radiopharmaceuticals. / Nud Med. 1978;19:635-647. 

6. Phelps ME, Huang SC, Hoffman EJ, Selin C, Sokoloff L, Kuhl DE. Tomographic meas- 
urement of local cerebral glucose metabolic rate in humans with (F- 18) 2-fluoro-2-de- 
oxy-D-glucose: Validation of method. Ann Neurol. 1979;6:371-388. 

7. Reivich M, Kuhl D, Wolf A, Greenberg J, Phelps M, Ido T, Casalla V, Fowler J, Hoff- 
man E, Mavi A, Som P, Sokoloff L. The [ 18 F]fluorodeoxyglucose method for the meas- 
urement of local cerebral glucose utilization in man. CircRes. 1979;44:127-137. 

8. Phelps ME. Positron computed tomography studies of cerebral glucose metabolism in 
man: Theory and application in nuclear medicine. Semin Nud Med. 1981;11:32-49. 

9. Proceedings of the Symposium on New Developments in Radiopharmaceuticals and Labeled 
Compounds. Vol. I and II. International Atomic Energy Agency, Vienna, Austria, 1973. 

10. Phelps ME, Hoffman EJ. Role of cyclotrons and positron imaging in the future of nu- 
clear medicine. In: Serafini AN, Beaver JE, eds. Medical Cyclotrons in Nuclear Medicine. 
Progress in Nuclear Medicine. Vol. 4. Basel: S. Karger; 1978:165-183. 

11. Tilyou SM. Yesterday, today and tomorrow — The evolution of positron emission to- 
mography. / Nucl Med. 1991;32:15N-26N. 

12. Livingston MS. High-energy Accelerators. New York: Interscience Publishers, Inc.; 1954. 

13. Evans RD. The Atomic Nucleus. New York: McGraw-Hill Book Company, Inc.; 1955. 

14. Livingston MS. Particle Accelerators: A Brief History. Cambridge: Harvard University 
Press; 1969. 

15. Livingston MS, Blewett JP. Particle Accelerators. New York: McGraw-Hill Book Com- 
pany, Inc.; 1962. 

16. Livingood JJ. Principles of Cyclic Particle Accelerators. Princeton, NJ: D. Van Nostrand 
Company, Inc.; 1961. 

17. Persico E, Ferrari E, Segre SE. Principles of Particle Accelerators. New York: W.A. Ben- 
jamin, Inc.; 1968. 

18. Kolomensky AA, Lebedev AN. Theory of Cyclic Accelerators. Amsterdam: North-Holland 
Publishing Company; 1966. 

19. Kollath R, ed. Particle Accelerators. London: Sir Isaac Pitman and Sons Ltd.; 1967. 

20. Scharf W. Particle Accelerators and Their Uses. Part I. Chur: Harwood Academic Pub- 
lishers; 1986. 

21. Humphries S Jr. Principles of Charged Particle Acceleration. New York: John Wiley & 
Sons; 1986. 

22. Conte M, Mackay WW. An Introduction to the Physics of Particle Accelerators. Singapore: 
World Scientific; 1991. 

23. Wolf AP, Jones WB. Cyclotrons for biomedical radioisotope production. Radiochim Acta. 
1983;34:1-7. 

24. Comar D, Crouzel C. Biomedical cyclotrons for radioisotope production. Nucl Med Biol. 
1986;13:101-107. 

25. Hoop B Jr, Laughlin JS, Tilbury RS. Cyclotrons in nuclear medicine. In: Hine GJ, 
Sorensen JA, eds. Instrumentation in Nuclear Medicine. Part 2. New York: Academic 
Press; 1974:407-457. 

26. Wolf AP, Schlyer DJ. Accelerators for positron emission tomography. In: Burns HD, 
Gibson RE, Dannals RF, Siegel PKS, eds. Nuclear Imaging in Drug Discovery , Develop- 
ment , and Approval. Boston: Birkhauser; 1993:33-54. 

27. Fowler JS, Wolf AP. Positron emitter-labeled compounds: Priorities and problems. In: 
Phelps ME, Mazziotta JC, Schelbert HR, eds. Positron Emission Tomography and Au- 
toradiography: Principles and Applications for the Brain and Heart. New York: Raven Press; 
1986:391-450. 

28. Glasstone S. Source Book on Atomic Energy. New York: Van Nostrand Reinhold Com- 
pany; 1967. 




Chapter 3: Electronic Generators 



265 



29. White HE. Introduction to College Physics. New York: Van Nostrand Reinhold Company; 
1969. 

30. Paul AC. Variable Energy Extraction from a Negative Ion Cyclotron and Related Mea- 
surements. Ph.D. Dissertation; University of California, Los Angeles; 1967. 

3 1 . Paul AC, Wright BT. Variable energy extraction from negative ion cyclotrons. IEEE Trans 
NuclSci. 1966;NS- 13:74-83. 

32. Richardson JR, Wright BT. The UCLA SF cyclotron; Progress and status, January 1966. 
IEEE Trans Nucl Sci. 1966;NS- 13:495-499. 

33. Lofgren EJ. Negative ions and charge neutralization in the cyclotron. Rev Sci Instr. 
1951;22:321-323. 

34. Judd DL. Electric dissociation of negative hydrogen ions in cyclotrons and synchrocy- 
clotrons. Nucl Instr Meth. 1962;18, 19:70-73. 

35. Forrester AT. Large Ion Beams. Fundamentals of Generation and Propagation. New York: 
Wiley- Interscience Publication; 1988. 

36. Weast RC, ed. CRC Handbook of Chemistry and Physics. 61st ed. Boca Raton: CRC Press, 
Inc.; 1980. 

37. MacDonald NS. The UCLA biomedical cyclotron facility. In: Serafini AN, Beaver JE, 
eds. Medical Cyclotrons in Nuclear Medicine. Progress in Nuclear Medicine. Vol. 4. Basel: 
S. Karger; 1978;23-2 7. 

38. Ter-Pogossian MM, Wagner HN Jr. A new look at the cyclotron for making short-lived 
isotopes. Semin Nucl Med. 1998;28:202-212. 

39. Wagner HN Jr. A brief history of positron emission tomography (PET). Semin Nucl 
Med. 1998;28:213-220 

40. Friesel DL, Smith W. Medical applications at the Indiana University cyclotron facility. 
In: Serafini AN, Beaver JE, eds. Medical Cyclotrons in Nuclear Medicine. Progress in Nu- 
clear Medicine. Vol. 4. Basel: S. Karger; 1978;63-71. 

41. Robinson GD Jr. Cyclotron-related radiopharmaceutical development program at 
UCLA. In: Serafini AN, Beaver JE, eds. Medical Cyclotrons in Nuclear Medicine. Progress 
in Nuclear Medicine. Vol. 4. Basel: S. Karger; 1978;80-92. 

42. Sodd VJ. The cyclotron: Past, present, and future role in nuclear medicine. In: Freeman 
LM, Weissman HS, eds. Nuclear Medicine Annual 1982. New York: Raven Press; 1982; 
291-317. 

43. Ehrenkaufer R, Erdman K. Accelerators. In: Link JM, Ruth TJ, eds. Proceedings of the 
Sixth Workshop on Targetry and Target Chemistry. Vancouver: TRIUMF; 1995;23-25. 

44. Shefer RE, Klinkowstein RE, Hughey BJ, Welch MJ. Production of PET radionuclides 
with a high current electrostatic accelerator. In: Weinreich R, ed. Proceedings of the IV th 
International Workshop on Targetry and Target Chemistry. Villigen: Paul Scherrer Insti- 
tut; 1992;4-10. 

45. Wangler TP, Cimabue AG, Merson J, Mills RS, Wood RL, Young LM. Superconduct- 
ing RFQ linear accelerator. Nucl Instr Meth. 1993;B79:718-720. 

46. Krohn KA, Link JM, Young P, Hagan WK, Pasquinelli R, Chrisman B, Bida GT. 3 He 
RFQ for PET isotope production. A brief progress report, August 1995. In: Link JM, 
Ruth TJ, eds. Proceedings of the Sixth Workshop on Targetry and Target Chemistry. Van- 
couver: TRIUMF; 1995;38-39. 

47. Robinson GD Jr. Status of AccSys Technology’s PULSAR™ System. In: Link JM, Ruth 
TJ, eds. Proceedings of the Sixth Workshop on Targetry and Target Chemistry. Vancouver: 
TRIUMF; 1995;34-36. 

48. Swenson DA. Compact proton linac systems for medical and industrial applications. In: 
Link JM, Ruth TJ, eds. Proceedings of the Sixth Workshop on Targetry and Target Chem- 
istry. Vancouver: TRIUMF; 1995;42-44. 

49. Webster W. NHVG: A compact direct current accelerator. In: Link JM, Ruth TJ, 
eds. Proceedings of the Sixth Workshop on Targetry and Target Chemistry. Vancouver: 
TRIUMF; 1995;28-30. 

50. Roberts AD, Nickles RJ, Davidson RJ. The UW Pelletron lab: PET radioisotope pro- 
duction with the NEC 9SDH tandem accelerator. In: Zeisler S, Helus F, eds. Proceedings 
of the Seventh International Workshop on Targetry and Target Chemistry. Heidelberg: Ger- 
man Cancer Research Center (DKFZ); 1997;42-43. 

51. Friedlander A, Kennedy JW, Macias ES, Miller JM. Nuclear and Radiochemistry. 3rd ed. 
New York: John Wiley & Sons; 1981. 




266 



PET: Molecular Imaging and Its Biological Applications 



52. Browne E, Firestone RB. Table of Radioactive Isotopes. New York: John Wiley & Sons; 
1986. 

53. Keller KA, Lange J, Munzel H. Landolt-Bornstein Numerical Data and Functional Rela- 
tionships in Science and Technology. Group I: Nuclear and Particle Physics. Vol. 5: Q-values 
and Excitation Functions of Nuclear Reactions. Part C: Estimation of Unknown Excitation 
Functions and Thick Target Yields for p, d, 3 He and a Reactions. Berlin: Springer- Verlag; 
1974. 

54. Helus F, Wolber G. Activation techniques. In: Helus F, Colombetti LG, eds. Radionu- 
clides Production. Vol. I. Boca Raton: CRC Press, Inc.; 1983;57-120. 

55. Wieland BW, Highfill RR. Proton accelerator targets for the production of 1 *C, 13 N, ls O, 
and 18 F. IEEE Trans Nucl Sci. 1979;NS-26:1713-1717. 

56. Qaim SM. Nuclear data relevant to cyclotron produced short-lived medical radioiso- 
topes. Radiochim Acta. 1982;30:147-162. 

57. Williamson C, Boujot J, Picard J. Range-energy tables for charged particles. Centre 
D’Etudes Nucleaires de Saclay, Report No. CES-R3042; 1966. 

58. Janni JF. Calculations of energy loss, range, path length, straggling, multiple scattering, 
and the probability of inelastic nuclear collisions for 0.1 to 1000-MeV protons. Techni- 
cal Report No. AFWL-TR-65-150. Air Force Weapons Laboratory, Kirtland Air Force 
Base, New Mexico; 1966. 

59. Gandarias-Cruz D, Okamoto K. Status on the compilation of nuclear data for medical 
radioisotopes produced by accelerators. IAEA Nuclear Data Section. Vienna; 1988. 

60. Vaalburg W, Paans AMJ. Short-lived positron emitting radionuclides. In: Helus F, 
Colombetti LG, eds. Radionuclides Production. Vol. II. Boca Raton: CRC Press, Inc.; 1983; 
47-101. 

61. Nozaki T. Other cyclotron radionuclides. In: Helus F, Colombetti LG, eds. Radionuclides 
Production. Vol. II. Boca Raton: CRC Press, Inc.; 1983; 103-1 24. 

62. Clark JC, Buckingham PD. Short-lived Radioactive Gases for Clinical Use. London: But- 
terworths; 1975. 

63. Wieland BW, Schmidt DG, Bida GT, Ruth TJ, Hendry GO. Efficient and economical 
production of oxygen- 15 labeled tracers with low energy protons. / Label Compd Ra- 
diopharm. 1986;23:1214-1216. 

64. Wieland BW, Hendry GO, Schmidt DG. Design and performance of targets for pro- 
ducing n C, 13 N, 15 0 and 18 F with 11 MeV protons. I Label Compd Radiopharm. 1986;23: 
1187-1189. 

65. Wieland BW, Hendry GO, Schmidt DG, Bida GT, Ruth TJ. Efficient small volume ls O 
water target for producing 18 F-fluoride with low energy protons. / Label Compd Radio- 
pharm. 1986;23:1205-1207. 

66. Qaim SM, Clark JC, Crouzel C, Guillaume M, Helmeke HJ, Nebeling B, Pike VW, Stock- 
lin G. PET radionuclide production. In: Stocklin G, Pike VW, eds. Radiopharmaceuti- 
cals for Positron Emission Tomography. Methodological Aspects. Dordrecht: Kluwer Aca- 
demic Publishers; 1993; 1-42. 

67. Alvord CW, Zigler SS. Target systems for the RDS-111 cyclotron. In: Link JM, Ruth TJ, 
eds. Proceedings of the Sixth Workshop on Targetry and Target Chemistry. Vancouver: 
TRIUMF; 1995;155-161. 

68. Schlyer DJ, Bastos MAV, Alexoff D, Wolf AP. Separation of [ 18 F] fluoride from [ ls O]wa- 
ter using anion exchange resin. Appl Radiat Isot. 1990;41:531-533. 

69. Nickles RJ, Daube ME, Ruth TJ. An ls O target for the production of [ 18 F]F 2 . Int / Appl 
Radiat Isot. 1984;35:117-122. 

70. Goodman MM. Automated synthesis of radiotracers for PET applications. In: Hubner 
KL, Collmann J, Buonocore E, Kabalka G, eds. Clinical Positron Emission Tomography. 
St. Louis: Mosby Year Book; 1992;1 10-122. 

71. Tilbery RS, Gelbard AS. U C, 13 N, and ls O tracers. In: Rayudu GVS, ed. Radiotracers for 
Medical Applications. Vol. I. Boca Raton: CRC Press, Inc.; 1983;275-291. 

72. Clark JC. Production and application of oxygen- 15; Radiopharmacy aspects. In: Schu- 
biger PA, Westera G, eds. Progress in Radiopharmacy. Dordrecht: Kluwer Academic Pub- 
lishers; 1992;91-107. 

73. Wieland B, Bida G, Padgett H, Hendry G, Zippi E, Kabalka G, Morelle J-L, Verbruggen 
R, Ghyoot M. In-target production of [ 13 N] ammonia via proton irradiation of dilute 
aqueous ethanol and acetic acid mixtures. Appl Radiat Isot. 1991;42:1095-1098. 




Chapter 3: Electronic Generators 



267 



74. Baumgartner FJ, Barrio JR, Henze E, Schelbert HR, MacDonald NS, Phelps ME, Kuhl 
DE. 13 N Labeled L-amino acids for in vivo quantitative assesment of local myocardial 
metabolism. J Med Chem. 1981;24:764-766. 

75. Henze E, Schelbert HR, Barrio JR, Egbert JE, Hansen HW, MacDonald NS, Phelps ME. 
Evaluation of myocardial metabolism with N-13 and C-ll labeled amino acids for 
positron computed tomography. / Nucl Med. 1982;23:671-681. 

76. Langstrom B, Dannals RF. Carbon-11 compounds. In: Wagner HN Jr, Szabo Z, 
Buchanan JW, eds. Prindples of Nudear Medidne. 2nd ed. Philadelphia: W.B. Saunders 
Company; 1995; 166- 178. 

77. Larsen P, Ulin J, Dahlstrom K, Jensen M. Synthesis of [ u C]iodomethana by iodination 
of [ n C]methane. Appl Radiat Isot. 1997;48:153-157. 

78. Link JM, Krohn KA, Clark JC. Production of [ n C]CH 3 I by single pass reaction of 
[ u C]CH 4 with I 2 . Nucl Med Biol. 1997;24:93-97. 

79. Jewett DM. A simple synthesis of [ n C] methyl triflate. Appl Radiat Isot. 1992;43:1383- 
1385. 

80. O’Hagan D, Rzepa HS. Some influences of fluorine in bioorganic chemistry. Chem Com- 
mun. 1997;645-652. 

81. Welch JT, Eswarakrishnan S. Fluorine in Bioorganic Chemistry. New York: John Wiley 
& Sons; 1991. 

82. Zielinski M, Kanska M. Syntheses and uses of isotopically labelled organic halides. In: 
Patai S, Rappoport Z, eds. The Chemistry of Halides, Pseudo-halides and Azides. Supple- 
ment D2. Part 1. Chichester: John Wiley & Sons; 1995;403-533. 

83. Ido T, Wan C-N, Casella V, Fowler JS, Wolf AP, Reivich M, Kuhl DE. Labeled 2-deoxy- 
D-glucose analogs. 18 F-Labeled 2-deoxy-2-fluoro-D-glucose, 2-deoxy-2-fluoro-D-man- 
nose and 14 C-2-deoxy-2-fluoro-D-glucose. / Label Compd Radiopharm. 1978;14:175-183. 

84. Bishop A, Satyamurthy N, Bida G, Hendry G, Phelps M, Barrio JR. Proton irradiation 
of [ 18 0]0 2 : Production of [ 18 F]F 2 and [ 18 F]F 2 + [ 18 F]OF 2 . Nucl Med Biol. 1996;23:189- 
199. 

85. Fowler JS, Wolf AP. The Synthesis of Carbon- 11, Fluorine-18 and Nitrogen-13 Labeled 
Radiotracers for Biomedical Applications. Publication: NAS-NS-3201. Virginia: National 
Technical Information Service; 1982. 

86. Satyamurthy N, Bida GT, Phelps ME, Barrio JR. N-[ 18 F]Fluoro-N-alkylsulfonamides. 
Novel reagents for mild and regioselective radiofluorination. Appl Radiat Inst. 1990;41: 
733-738. 

87. Stocklin G. Fluorine- 18 compounds. In: Wagner HN Jr, Szabo Z, Buchanan JW, eds. 
Principles of Nudear Medicine. 2nd ed. Philadelphia: W.B. Saunders Company; 1995; 178- 
194. 

88. Namavari M, Barrio JR, Toyokuni T, Gambhir SS, Cherry SR, Herschman HR, Phelps 
ME, Satyamurthy N. Synthesis of 8-[ 18 F]fluoroguanine derivatives: In vivo probes for 
imaging gene expression with positron emission tomography. Nucl Med Biol. 2000;27: 
157-162. 

89. Kilbourn MR. Fluorine- 18 Labeling of Radiopharmaceuticals. Nuclear Science Series NAS- 
NS-3203. Washington, D.C. National Academy Press; 1990. 

90. Hamacher K, Coenen HH, Stocklin G. Efficient stereospecific synthesis of no-carrier- 
added 2-[ 18 F]-fluoro-2-deoxy-D-glucose using aminopolyether supported nucleophilic 
substitution. / Nucl Med. 1986;27:235-238. 

91. Alauddin MM, Conti P. Synthesis and preliminary evaluation of 9-(4-[ 18 F]fluoro-3-hy- 
droxymethylbutyl)guanine([ 18 F]FHBG): A new potential imaging agent for viral infec- 
tion and gene therapy using PET. Nucl Med Biol. 1998;25:175-180. 

92. Grierson JR, Shields AF. Radiosynthesis of 3'-deoxy-3'-[ 18 F]fluorothymidine: [ 18 F]FLT 
for imaging of cellular proliferation in vivo. Nucl Med Biol. 2000;27:143-156. 

93. De Grado TR, Coleman RE, Wang S, Baldwin SW, Orr MD, Robertson CN, Polascik 
TJ, Price DT. Synthesis and evaluation of 18 F-labeled choline as an oncologic tracer for 
positron emission tomography: Intial findings in prostate cancer. Cancer Res. 2000;61: 
110-117. 

94. Coleman RE. Clinical PET: A technology on the brink. / Nucl Med. 1993;34:2269-2271. 

95. Deutsch E. Clinical PET: Its time has come? / Nucl Med. 1993;34:1132-1133. 

96. Food and Drug Administration Modernization Act of 1997. Public Law 105-1 15-Nov. 
21, 1997. 




268 



PET: Molecular Imaging and Its Biological Applications 



97. Crouzel C, Clark JC, Brihaye C, Langstrom B, Lemaire C, Meyer GJ, Nebeling B, Stone- 
Elander S. Radiochemistry automation for PET. In: Stocklin G, Pike VW, eds. Radio- 
pharmaceuticals for Positron Emission Tomography. Methodological Aspects. Dordrecht: 
Kluwer Academic Publishers; 1993;45-79. 

98. Foust AS, Wenzel LA, Clump CW, Maus L, Andersen LB. Principles of Unit Operations. 
2nd ed. New York: John Wiley & Sons; 1980. 

99. McCabe WL, Smith JC, Harriott P. Unit Operations of Chemical Engineering. 5th ed. New 
York: McGraw-Hill, Inc.; 1993. 

100. Hayashi N, Sugawara T, Shintani M, Kato S. Computer-assisted automatic synthesis II. 
Development of a fully automated apparatus for preparing substituted N— (car- 
boxyalkyl) amino acids. J Automatic Chem. 1989;11:212-220. 

101. Hayashi N, Sugawara T, Kato S. Computer-assisted automatic synthesis III. Synthesis of 
substituted N— (carboxyalkyl) amino acid tert-butyl estser derivatives. J Automatic Chem. 
1991;13:187-197. 

102. Sugawara T, Kato S, Okamoto S. Development of fully-automated synthesis systems. 
J Automatic Chem. 1994;16:33-42. 

103. Frisbee AR, Nantz MH, Kramer GW, Fuchs PL. Robotic orchestration of organic reac- 
tions: Yield optimization via an automated system with operator-specified reaction se- 
quences. J Am Chem Soc. 1984;106:7143-7145. 

104. Merrifield RB, Stewart JM, Jernberg N. Instrument for automated synthesis of peptides. 
Anal Chem. 1966;38:1905-1914. 

105. Erickson BW, Lukas TJ, Prystowsky MB. Automated solid-phase peptide synthesis. In: 
Beers RF. Jr, Bassett EG, eds. Polypeptide Hormones. New York: Raven Press; 1980; 12 1 — 
134. 

106. Hewick RM, Hunkapiller MW, Hood LE, Dreyer WJ. A gas-liquid solid phase peptide 
and protein sequenator. / Biol Chem. 1981;256:7990-7997. 

107. Efcavitch JW. Automated system for the optimized chemical synthesis of oligodeoxyri- 
bonucleotides. In: Schlesinger DH, ed. Macro molecular Sequencing and Synthesis. Selected 
Methods and Applications. New York: Alan R. Liss; 1988;22 1-234. 

108. Meldrum D. Automation for genomics, part one: Preparation for sequencing. Genome 
Res. 2000;10:1081-1092. 

109. Plummer GF, Waterworth G, Roberts W. Six years of robots. J Automatic Chem. 1991; 13: 
29-37. 

110. Weinstein DB, France DS. Jumping into the 20th century before it is too late: Is labo- 
ratory robotics still in its infancy? J Automatic Chem. 1992;14:59-63. 

111. McGonigle EJ. Practical aspects of laboratory automation in pharmaceutical develop- 
ment. J Automatic Chem. 1993;15:3-8. 

112. Rulon PW. Selection criteria for laboratory robotic application personnel. / Automatic 
Chem. 1992;14:51-53. 

113. Hutchins B. Robotic applications: lessons on what constitutes success. J Automatic Chem. 
1991;13:9-12. 

1 14. Barrio JR, MacDonald NS, Robinson GD Jr, Najafi A, Cook JS, Kuhl DE. Remote, semi- 
automated production of 18 F-labeled 2-deoxy-2-fluoro-D-glucose. / Nucl Med. 198 1;22: 
372-375. 

115. Padgett HC, Barrio JR, MacDonald NS, Phelps ME. The unit operations approach ap- 
plied to the synthesis of [l- n C]2-deoxy-D-glucose for routine clinical operations. / Nucl 
Med. 1982;23:739-744. 

116. Padgett HC, Robinson GD, Barrio JR. [l- n C]Palmitic acid: Improved radiopharma- 
ceutical preparation. Int J Appl Radiat Isot. 1982;33:1471-1472. 

117. Barrio JR, Keen RE, Ropchan JR, MacDonald NS, Baumgartner FJ, Padgett HC, Phelps 
ME. L-[l- n C] Leucine: Routine synthesis by enzymatic resolution. / Nucl Med. 1983;24: 
515-521. 

118. Ropchan JR, Ricci A, Low G, Phelps ME, Barrio JR. An automated high pressure vessel 
for routine preparation of short-lived radiopharmaceuticals. Appl Radiat Isot. 1986;37: 
1063-1068. 

119. Luxen A, Perlmutter M, Bida GT, Van Moffaert G, Cook JS, Satyamurthy N, Phelps ME, 
Barrio JR. Remote semiautomated production of 6-[ 18 F]fluoro-L-dopa for human stud- 
ies with PET. Appl Radiat Isot. 1990;41:275-281. 




Chapter 3: Electronic Generators 



269 



120. Satyamurthy N, Namavari M, Barrio JR. Making 18 F radiotracers for medical research. 
Chemtech 1994;24:25-32. 

121. Barrio JR, Bida G, Satyamurthy N, Padgett HC, MacDonald NS, Phelps ME. A minicy- 
clotron-based technology for the production of positron-emitting labeled radiophar- 
maceuticals. In: Greitz T, Ingvar DH, Widen L, eds. The Metabolism of the Human Brain 
Studied with Positron Emission Tomography. New York: Raven Press; 1985; 113-121. 

122. Padgett HC, Schmidt DG, Luxen A, Bida GT, Satyamurthy N, Barrio JR. Computer- 
controlled radiochemical synthesis: A chemistry process control unit for the automated 
production of radiochemicals. Appl Radiat Isot. 1989;40:433-445. 

123. Morelle J-L. Coincidence technologies. Liege, Belgium. Private communication. 

124. PET Trace Synthesizer Modules and PET Laboratory Equipment. Product information. 
Nuclear Interface, Munster, Germany. 

125. Zhang ZY, Kabalka GW, Longford CPD, Padgett HC, Zigler SS. Automated production 
of 6-[ 18 F]fluoro-L-dopa in a commercially available chemistry module. In: Link JM, 
Ruth TJ, eds. Proceedings of the Sixth Workshop on Targetry and Target Chemistry. Van- 
couver: TRIUMF; 1995;305-306. 

126. Dessy R. Robots in the laboratory: Part I. Anal Chem. 1983;55:1100A-1114A. 

127. Dessy R. Robots in the laboratory: Part II. Anal Chem. 1983;55:1232A-1242A. 

128. Mackay DG, Steel CJ, Poole K, McKnight S, Schmitz F, Ghyoot M, Vebruggen R, Vamecq 
F, Jongen Y. Quality assurance for PET gas production using the cyclone 3D oxygen- 15 
generator. Appl Radiat Isot. 1999;51:403-409. 

129. de Vries EFJ, Luurtsema G, Brussermann M, Elsinga PH, Vaalburg W. Fully automated 
synthesis module for the high yield one-pot preparation of 6-[ 18 F]fluoro-L-DOPA. Appl 
Radiat Isot. 1999;51:389-394. 

130. Silberstein EB, Pharmacopeia Committee of the Society of Nuclear Medicine. Prevalence 
of adverse reactions to positron emitting radiopharmaceuticals in nuclear medicine. 
JNucl Med. 1998;39:2190-2192. 

131. Terrett NK. Combinatorial Chemistry. Oxford: Oxford University Press; 1998. 

132. McCarthy DW, Shefer RE, Klinkowstein RE, Bass LA, Margeneau WH, Cutler CS, An- 
derson CJ, Welch MJ. Efficient production of high specific activity 64 Cu using a bio- 
medical cyclotron. Nucl Med Biol. 1997;24:35-43. 

133. Vaidyanathan G, Wieland BW, Larsen RH, Zweit, J, Zalutsky MR. High-yield produc- 
tion of iodine- 124 using the 125 Te (p, 2n) 124 I reaction. In: Link JM, Ruth TJ, eds. Pro- 
ceedings of the Sixth Workshop on Targetry and Target Chemistry. Vancouver: TRIUMF; 
1995;87-88. 





The Molecular Basis of Disease 



Jorge R. Barrio 



For as long as man has lived, he has been concerned with health and well being. 
Much of human history has revolved around uncontrollable diseases; many crit- 
ical events, wars, and even the fate of many societies have been determined by 
human health. Medicine is as old as human history and has evolved from mys- 
tical and religious beginnings to the scientific discipline of today. 

The boundaries of medical knowledge are continually expanding. A modern 
definition of disease as: a disordered or incorrectly functioning organ , part struc- 
ture , or system of the body resulting from the effect of genetic or developmental er- 
rors , infection , poisons , nutritional deficiency or imbalance , toxicity, or unfavorable 
environmental factors 1 hints at the chemical basis of disease. We can further say 
that disease results from a disruption of the chemical homeostasis of the body 
or, in other words, a disruption of a tendency to dynamic stability in the nor- 
mal body states of the organism. Alteration of chemical homeostasis can be in- 
duced by internal or external factors resulting in specific biochemical abnor- 
malities that change normal organ function to the point that clinical symptoms 
are produced. Today, however, the technical elements of medical practice to di- 
agnose and treat disease still are — for the most part — anatomical in nature. Prac- 
ticing physicians order — and feel comfortable with — computerized tomography 
(CT), magnetic resonance imaging (MRI) scans, and ultrasound but have been 
slow to incorporate biological criteria from molecular imaging techniques such 
as positron emission tomography (PET) into their practice. 

In classical medical practice, biological abnormalities are typically tested clin- 
ically and by determining biochemical parameters at a distance from the in- 
volved organ. Kidney function, for example, is assessed by measuring creatinine, 
phosphate, and urea plasma levels; liver function is similarly assessed with spe- 
cific liver markers (e.g., transaminases) also in plasma. Moreover, from ancient 
times, physicians have ordered prescriptions for their patients that are attempts 
at restoring a disturbed chemical imbalance of disease. Drugs are used to reverse 
or control chemical imbalances by targeting key enzymes, transporters, and re- 
ceptor systems. In sufficient amounts, drugs are used to either block or inhibit 
specific pathways in neurotransmission (e.g., neuroleptics binding to dopamine- 
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